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Abstract
The electronics industry has been consistently in demand to develop miniatur-
ized devices by scaling down the size of the electronic components. Gordon E.
Moore observed this trend in size reduction and proposed his famous Moore’s
Law [1]. The present top-bottom approaches used in the production line are
reaching the theoretical limit. One way to overcome this limit is to use func-
tionalized molecules that can perform as electronic components [2]. Aviram
and Ratner first proposed this concept in 1974 [3]. They suggested that a
molecule could act as a rectifier, a primary electronic component that allows
the flow of current only in one direction. Ever since researchers have been
trying to develop molecule based devices that could replace various electronic
components. Molecules are small and must be considered as quantum me-
chanical systems, which opens the possibility of devices based on quantum
properties such as quantum computers, quantum interference devices, etc.
To develop such devices, it is necessary to understand the properties of the
molecules at the individual level. Measuring electronic transport across the
molecule is one of the methods to probe these quantum properties. This is
a challenging task that requires contacting the molecule with external elec-
trodes. A scanning tunnelling microscopy (STM) is an ideal tool for studying
electronics and magnetic properties of single molecules deposited on surfaces.
The main motivation of this thesis is to investigate rectification and magnetism
in single molecule STM junctions at both room and cryogenic temperatures.
One of the prerequisites for single molecule experiments using STM is to have
a “good” sample, i.e., well- separated individual molecules spread on a flat
conducting substrate. The first part of the thesis deals with a technique for de-
positing the molecules on a suitable substrate. We have successfully deposited
K12(DyP5W30O110).nH2O molecules on an Au(111) substrate. This was not
an easy task due to the size of the molecule. In the second part we investigate
the rectification observed in the molecule. The rectification ratio attained for
this molecule is quite high, more than ten times larger than previously reported
results in molecular junctions. We could also explain unambitiously that the
rectification in this molecular system is arising from the asymmetric coupling
of the electrodes and molecule. The third part of the thesis deals with the
magnetism in the same molecule. This molecule is single-ion molecular mag-
net that exhibit magnetic properties at low temperature in bulk samples. We
addressed the following question: Does the molecule preserve its magnetic be-
haviour when deposited on a metallic substrate? Inelastic spin flip tunnelling
spectroscopy probing the magnetism in the individual molecules showed that
the molecules did preserve their magnetic properties on the surface. The last
part of the thesis, focuses on fabricating a superconducting Graphene sub-
strate that could eventually be used in single-molecule experiments. We show
that Graphene on lead becomes superconducting by proximity effect.
Resumen
La industria de la electro´nica ha demandado consistentemente desarrollar dis-
positivos miniaturizados mediante la reduccio´n del taman˜o de los componentes
electro´nicos. Gordon E. Moore observo´ esta tendencia en la reduccio´n del
taman˜o y propuso su famosa Ley de Moore [1]. Las aproximaciones ‘top-
bottom’ actuales (de arriba-abajo o de lo macro a lo nano) utilizadas en la
l´ınea de produccio´n esta´n alcalzando el l´ımite teo´rico. Una forma de superar
este l´ımite consiste en utilizar mole´culas funcionalizadas que puedan actuar
como componentes electro´nicos [2]. Aviram y Ratner propusieron este con-
cepto por primera vez en 1974 [3]. Sugirieron que una mole´cula puede ac-
tuar como un rectificador, un componente electro´nico primario que permite el
flujo de corriente so´lo en una direccio´n. Se ha intentado desde entonces de-
sarrollar dispositivos basados en mole´culas que pudieran reemplazar diversos
componentes electro´nicos. Las mole´culas son pequen˜as y deben considerarse
como sistemas mecanocua´nticos, lo que ofrece la posibilidad de desarrollar
dispositivos basados en propiedades cua´nticas como ordenadores cua´nticos,
dispositivos de interferencia cua´ntica, etc. Para desarrollar dichos disposi-
tivos, es necesario entender las propiedades de las mole´culas a nivel individ-
ual. La medida de transporte electro´nico a trave´s de una mole´cula es uno
de los me´todos para explorar estas propiedades cue´nticas. E´ste es un reto
importante que requiere contactar la mole´cula con electrodos externos. Un
microscopio de efecto tu´nel (STM) es una herramienta ideal para estudiar las
propiedades electro´nicas y magne´ticas de mole´culas individuales depositadas
sobre superficies. La principal motivacio´n de esta tesis es investigar rectifi-
cacio´n y magnetismo en uniones moleculares individuales formadas con un
STM a temperaturas ambiente y crioge´nicas.
Uno de los requisitos para realizar experimentos en una u´nica mole´cula uti-
lizando un STM es tener una “buena” muestra, lo que significa tener mole´culas
bien separadas unas de otras distribuidas sobre un sustrato conductor plano.
La primera parte de la tesis trata sobre la te´cnica para la deposicio´n de
mole´culas en un sustrato adecuado. Hemos depositado satisfactoriamente
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mole´cuals de K12(DyP5W30O110).nH2O sobre un sustrato de Au(111), aunque
no fue una tarea sencilla debido al taman˜o de la mole´cula. En la segunda parte
investigamos la rectificacio´n observada en dicha mole´cula. La ratio de recti-
fication que alcanza es bastante elevada, ma´s de diez veces mayor que los
resultados de uniones moleculares publicados previamente. Tambie´n hemos
podido explicar inequ´ıvocamente que la rectificacio´n en este sistema molec-
ular surge del acoplamiento asime´trico de los electrodos y la mole´cula. La
tercera parte de la tesis trata sobre el magnetismo de esta misma mole´cula,
la cual es un ima´n molecular con un u´nico io´n que presenta propiedades
magne´ticas a baja temperatura en muestras macrosco´picas. Por este mo-
tivo nos planteamos la siguiente pregunta: ¿ conserva la mole´cula su com-
portamiento magne´tico cuando se deposita sobre un sustrato meta´lico? Es-
pectroscop´ıa inesla´stica de esp´ın (inelastic spin tunneling spectroscopy) para
explorar el magnetismo de mole´culas individuales mostro´ que las mole´culas s´ı
conservaban sus propiedades magne´ticas en la superficie. La u´ltima parte de
la tesis se centra en la fabricacio´n de un sustrato de grafeno superconductor
que podr´ıa utilizarse en experimentos de mole´culas individuales. Mostramos
que el grafeno sobre plomo se vuelve superconductor por efecto de proximidad.
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Outline
In Chapter 1, I will discuss the experimental techniques used in this thesis.
A brief introduction to Scanning Tunnelling Microscopy and spectroscopy is
given in this chapter. Also, experimental work involved in the construction of
Low-temperature STM and working off 3He Cryostat is also mentioned in this
chapter.
The rest of the thesis is divided into four parts. The first Part I, contains
Chapter 2. In the first section of this chapter, I will give a brief introduction to
the various deposition methods used for depositing molecules on the surface for
STM studies. The second section deals deposition methods used for depositing
the molecule [Dy(H2O)P5W30O110]
12−, DyW30 and characterization of the
molecule deposited on the surface using STM and XPS. This chapter also deals
with a procedure optimized for obtaining a clean sample for low-temperature
measurements.
The Part II is divided into two Chapters, Chapter 3 and Chapter 4. The Chap-
ter 3 is a historical review of the rectification process in electronics and evo-
lution molecular rectifiers. This chapter also deals with the theoretical model
used to describe the molecular device. The Chapter 4 describes the experi-
mental measurements on DyW30 and rectification observed. We also explain
the theoretical model evoked to analyse the rectification in the molecule.The
results show that the rectification arise from the asymmetric coupling the
electrodes linking the molecule. The model was further verified by conducting
measurements on C60. The comparison between rectification ratio observed in
these two molecules are also given in this chapter.
The Part III deals with the magnetism in Single Molecule Magnet (SMM).
This part has two chapters. The Chapter 5 gives a review on SMM, focusing
on single ion single molecule magnets. This chapter also reviews about the
experimental used to probe magnetism in SMM electrically. The Chapter 6 de-
scribes the electronic transport measurements on DyW30 molecule for the first
time. The Spin-flip inelastic tunnelling spectroscopy was to detect the spin-flip
transitions in this molecule. Also, Kondo effect was observed on the molecule.
The magnetism in this molecule was modelled by using SIMPRE software
[10]. The proximity-induced superconductivity in Graphene is described in
Part IV. The Chapter 7 is a review about superconductivity, Graphene and
experimental methods to measure spatially resolved superconducting proxim-
ity effect. The Chapter 8 shows the experimental results showing proximity
effect on Graphene.
The general conclusion of this thesis is presented in Part V.
Chapter 1
Experimental Techniques
Experimental techniques involved in this thesis are described in this chapter.
The first section describes compact STM designed for operating at milliKelvin
temperature. The second section of the chapter deals with the cryogenic and
low temperature techniques involved.
1.1 Scanning Tunnelling Microscope
Scanning Tunnelling microscope (STM) was invented by G. Binning, H. Rohrer,
Ch. Gerber and E. Weibel at IBM Research Laboratory in Rschlikon, Switzer-
land [11]. In 1981 G.Binning et. al. demonstrated tunnelling of electrons
thorough a controllable vacuum gap [12]. Later they combined this control-
lable vacuum tunnelling with scanning capabilities of piezoelectric materials
to develop a surface probing device called STM [13]. Invention of STM opened
a novel method to probe the surface of materials with unparalleled precision.
In 1986 G.Binning and H.Rohrer were awarded Nobel prize for this invention.
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1.1.1 Tunnel Effect
eV
ΦS
EF
Tip
EF
VacuumΦT
d
V
a b
Tip
Sample
Sample
Figure 1.1: (a)Tunnelling between the tip and sample across a vacuum
barrier of width, d. (b) Schematic of STM
The working principle of STM is based on quantum tunnelling of electrons
between two conducting electrodes (tip and sample) separated by an insulating
barrier. This can be visualized in as one dimensional tunnel barrier as shown
in Figure 1.1 a. A voltage, usually termed as Bias Voltage - Vb, is applied to
one of the electrodes (usually sample). When Vb = 0, Fermi level of the tip and
sample get aliened in the same energy level. ΦS and ΦT are the work function
of sample and tip. When a voltage, Vb = V applied between the tip and sample
shifts the (Ef ) by eV. This results in the formation of a trapezoidal barrier.
Classically, an electron with energy less than the vacuum tunnel barrier cannot
cross this junction. Quantum mechanically, the electron can tunnel through
this if the barrier is thin. The tunnelling Current,It, between the electrodes
depends exponentially on the distance, d between the electrodes. Quantum
Mechanical treatment of a one dimensional tunnel barrier system gives an
expression for Tunnelling Current
It(d) ∝ e−2kd, where k =
√
m0(ΦS + ΦT − eV )
~
(1.1)
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where m0 is the rest mass of electron and ~ is reduced Planck constant. Work
functions of typically used materials are around 4 − 5eV [14]. Substituting
this value in Equation 1.1 gives a k value of 10 nm−1. This corresponds to a
variation of one order of magnitude in tunnelling current for every angstrom
increase in the electrode spacing. This exponential dependence of the tip-
sample distance provides STM high vertical resolution.
1.1.2 Imaging using STM
In imaging mode, one of the electrodes (usually the tip) is brought closer to
the sample until a measurable funnelling current appears. In the tunnelling
regime, the tip is moved laterally in raster scan pattern using piezo transduc-
ers. Changes in the current with respect to lateral displacements is recorded
and combined together to make a 3 D topographic image of surface. Scheme
of working of STM is shown in Figure 1.2.
Y+X+ X-
Z
High Volta ge Amplif er Computer
Feedback Loop
X
Y
Z
Current Amplif er
Bias Voltage
TipZ
X
Y
Sample
Figure 1.2: Scheme showing working of a STM.
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There are two imaging modes for STM. In Constant Current mode, the tun-
nelling current (It) between the tip and sample is kept constant by adjusting
the tip - sample distance (Z) with the help of a feedback loop. The recorded
displacement of Z is combined with the X,Y displacement of the tip to gener-
ate a topography of scanned area. Cartoon showing constant current imaging
is shown in Figure 1.3a. In Constant Height mode, Tip - Sample distance
(Z) is kept constant. The changes in the current are recorded as function of
X,Y movements of tip. The Constant Height Mode helps in faster acquisition
when compared with the Constant Current Mode, since the imaging speed
in Constant Current Mode is limited by the response time of feedback loop.
Constant Height is suitable only for scanning flat area with small corrugation.
Since there is no feedback, scanning with constant height near step edges might
result in tip crash. This is shown in cartoon Figure 1.3b. For this reason Con-
stant Current mode is usually employed for scanning [15]. Tunnelling current
strongly depends on the Density of States (DoS) of the sample. Local varia-
tions in density of states result in the variation of tunnelling current. Due to
this reason the height measured by STM need not be the actual height.
Constant Current Mode Constant Height Mode
x
Z It
x
crash
a b
Figure 1.3: (a) Constant Current Mode, Tunnelling Current is kept con-
stant using feed back control. Gray line shows Tip displacement. Inset shows
Z displacement recorded vs x displacement. (b) Constant Height Mode, Tip
- sample distance is kept constant (grey line). Tip crash at step edge is also
shown. Inset show change in tunnelling current vs x displacement
Chapter 1 Experimental Techniques 7
1.1.3 Scanning Tunneling Spectroscopy
STM is not only an imaging probe but it can also give information of the Local
Density of States (LDOS). Ability of the STM to do Spectroscopy of of a ma-
terial with high lateral resolution makes it an inevitable tool to investigate the
electronic properties of materials. In Scanning Tunnelling Spectroscopy (STS),
the tunnelling current It(V ) as function of varying the bias voltage is mea-
sured while keeping the tip - sample distance constant. Theory for tunnelling
current across a planar junction was formulated by Bardeen [16] and later it
was modified by Tersoff and Hamann for STM [17, 18]. In Tersoff-Hamann
formalism, net current flowing in the junction is the difference between the
current passing from tip to sample and sample to tip. Expression for the net
current is given by
I =
4pie
~
∫ +∞
−∞
|M |2 ρs(EF − eV + ε)ρt(EF + ε)[f(ε)− f(ε+ eV )]dε (1.2)
where |M | is matrix element for tunnelling, ρs and ρt are the density of states
of the sample and the tip respectively. f(E) is the Fermi distribution given
by
f(E) =
1
1 + eE/kBT
(1.3)
The tunnelling matrix element M is given by the formula
M =
~2
2m
∫
Σ
(Ψ∗s∇Ψt −Ψ∗t∇Ψs) dS (1.4)
where Ψs, Ψt are respectively the wave functions of the sample and tip elec-
trons. Surface integral Σ takes into account all the tunnelling region. At zero
temperature, Fermi function is a step function. Hence derivative of this term
results in a delta function. For small bias voltages Equation 1.2 reduces to
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I(V ) ∝
∫ eV
0
ρs(EF − eV + ε)ρt(EF + ε)ε (1.5)
Assuming that the density of states of the tip is constant. Then differential
conductance, G determines the density of states and is given by
G(V ) =
dI(V )
dV
∝ ρs(EF − eV ) (1.6)
Two methods are usually employed to obtain STS. The Numerical method,
in which dI/dV is obtained by taking numerical derivative of the I-V curve.
The Lock-in method, uses lock-in amplifier to obtain dI/dV spectra. In this
method, a small ac-voltage modulation is added to the bias voltage. Then the
current is expressed by
I(V ) = I(Vb + Vaccos(ωt)) (1.7)
where Vac is the amplitude of the modulation and ω is the frequency of mod-
ulation. For a small modulation, Vac, expression for the tunnelling current in
Equation 1.7 can be expressed into a Taylor series.
I = I(Vb) +
(
dI
dV
)
Vb
Vaccos(ωt)) +O(V
2
ac) (1.8)
This expression clearly shows that the dI/dV can be obtained by measuring
the component of the current at the frequency ω..
1.1.4 Inelastic Electron Tunneling Spectroscopy
In the previous section, discussions were about the elastic process. If there is
any resonant energy level in the tunnel barrier region, inelastic processes can
occur. Tunnelling Spectroscopy can be used to investigate inelastic process
Chapter 1 Experimental Techniques 9
occurring in the tunnel barrier junction. Consider an energy level lying in the
a tunnel barrier region as indicated in Figure 1.4.
Sample
EF
Tip
EF
d
elastic
inelastic
a b
I
V
dI
dV
V
V
d2I
dV2
Vin-Vin
eVin
eV
Figure 1.4: (a) Schematic of IETS, electrons with energy > Vin can lose
energy by inelastic process (b) I−V curves of an inelastic tunnelling process,
opening of new inelastic channel results in change in the current for voltages
above Vin and corresponding changes in the dI/dV and d
2I/dV 2
At voltages (V < Vin) tunnelling is elastic. When the energy of the incoming
electron is greater than Vin, the electrons can access this resonant level and
some electrons interacts inelastically. This inelastic interaction opens up a new
channel for the electron and results in a change in current. This is observed
as step in the dI/dV and “peaks and dips” in d2I/dV 2. This process was
first observed by Jaklevic and Lambe in metal oxide tunnel junctions [19].
Inelastic Electron Tunnelling Spectroscopy (IETS) techniques were combined
with STM to study the vibrational modes in atomic chains and molecules in
metal - molecule - metal junctions [20, 21]. The intrinsic width of the spectral
peak (Wint) (see Figure 1.4.b) obtained by IETS is broadened by two factors,
(a) thermal broadening due to breadth of Fermi level and (b) broadening due
ot the modulation applied to measure [22]. The measured width, Wmeasured
-full width at half maxima, of the peak can be expressed as
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Wmeasured =
√√√√√√ (∆E)2︸ ︷︷ ︸
Wintrinsic
+ (1.7Vrms)
2︸ ︷︷ ︸
Wmodulation
+
(
5.4
KBT
e
)2
︸ ︷︷ ︸
WThermal
(1.9)
where ∆E is intrinsic width of the peak. Wmodulation is the broadening due to
the modulation applied to bias voltage. Vrms, is the root mean square value
of the modulation voltage. WThermal is the thermal broadening appearing in
the peak.
1.2 Low Temperature STM
Most of the work presented in this thesis has been carried out using the custom
built STM designed for operating at milli-Kelvin temperatures. The design
of the Low Temperature STM (LT-STM) is based on the design by S.H. Pan
[23]. Body of the STM is made out titanium. This STM has the 3 parts,
slider for holding piezo-tube and tip, slider for the sample holder, STM body
holding piezo stacks for horizontal and vertical movements. The sliders are
triangular prisms made out of titanium. This is clamped to four piezo stacks
using a spring. The piezo stack for the vertical movement were constructed
by Carlos Arroyo as a part of his doctoral studies [24].
1.2.1 Piezotube
Piezoelectric effect is the property of certain materials to generate electric
charge in response to mechanical stress applied on it. This effect was first
observed by Jacques Curie and Pierre Curie[25]. Conversely, these materials
show inverse piezo electric effect, i.e. change in the mechanical stress with
respect to applied electric voltage. High voltages applied correspond only
to a tiny mechanical deformation of material. This enables Piezo Electric
Transducers (PZT) in precise movements.
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a
X+ Z X-
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Y-
c
Δz
Vx
Δxdb
X+ X-
Y-
Vz
Figure 1.5: (a) Shows the cross section of a piezo tube.(b) schematic of
piezo tube attached to the base. (c) Shows the vertical displacement, ∆Z of
piezo tube when a voltage is applied in inner electrode(d) Shows the lateral
displacement, ∆ X of piezo tube when a voltage is applied across the opposite
electrodes (in this case X+ and X-).
The piezo tube is a radially polarized piezo actuator. Figure 1.5 a shows
schematics of a piezo tube. One end of the tube is glued to the base. As
indicated in the Figure 1.5.a Z electrode is connected in the inner ring of the
tube. Voltage applied in the inner part results in expansion and compression
of the tube. Schematic of movement is shown in Figure 1.5 c. The outer part
the tube is connected to four electrodes (±X and ±Y). Voltage applied across
opposite electrodes causes lateral deformation in the piezotube. Schematics
of deformation of the tube in x direction is shown in Figure 1.5 STM tip is
placed on the free end of the tube. Fine movement of the tip is achieved by
movement of tube in x,y,z direction.
1.2.2 Coarse positioning using piezostacks
Precise positioning of the STM tip close to the surface (tunnelling regime) is
essential for the operation of the STM, especially at low temperature. The
piezo-tube described in the previous section is attached to a slider, a V shaped
titanium prism. The slider is placed on piezostacks in the V Shaped groove
on the STM body. An adjustable copper spring holds the slider firmly to the
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piezostacks. A scheme of the STM is shown in Figure 1.6. A Vertically moving
Slider hold the piezo tube and STM tip. Horizontally moving slider hold the
sample. The use of horizontally moving slider allows long range movement of
sample in one direction.
slider 1piezo stack
piezo tube
slider 2sample
tip
STM body
Figure 1.6: Simplified scheme of STM. The arrows indicates the direction
of the Slider movement. This moving slider follows the design of Prof. J.G.
Rodrigo
Figure 1.7: Low temperature STM used for experiments (a) front view (b)
side view
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Shear piezos are PZT actuators, that shows a shear deformation when voltage
is applied across it. Combination of four shear piezo are used to achieve coarse
motion of slider. Coarse movements can be done in two modes, inertial mode
and delayed ramp mode.
Inertial mode operation is done by utilizing slip stick motion of the four shear
piezo stacks. A scheme of operation is showed in Figure 1.8. A saw tooth
signal is applied across all the four piezo stacks simultaneously. As indicated
in Figure 1.8 b and c, in the initial step, stacks moves the slider in the direction
of piezo deformation. When the Voltage drops suddenly in saw tooth step,
piezo stack makes a slip. Direction of the movement can controlled by changing
the polarity of the voltage signal.
Delayed ramp mode: In this method, resistors added in series with piezo stacks.
The value of the resistor is selected in such a way that there a is delay in voltage
signal arriving at each piezo stack. When one piezo deforms, the other three
piezos holds the slider. Once all the four piezo stack are deformed, they all
are moved simultaneously in opposite direction to move the slider. Scheme of
operation is shown in Figure 1.9
V
a
b
d ∆ X
3
2
1
V
t
1
2
3
∆ x
X
c
piezo stacks
Slider
Figure 1.8: (a) Scheme of working of a shear piezo (b) Equivalent circuit
diagram of a piezo electric walker in inertial operation. Piezos are repre-
sented by capacitors. (c) Voltage signal applied across the piezo Stack (d)
Slip - Stick motion of the slider in response to the applied signal. piezo
stacks are indicated by grey color and slider by black stripes.
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Figure 1.9: Scheme of delayed ramp mode operation of a slider. (a) shows
equivalent circuits of piezo walker in delayed ramp mode. (b) sequence of
voltage applied to each piezo stack and (c) corresponding motion of piezos
and slider.
1.2.3 STM Control Unit
The electronic components fo the STM such as high voltage amplifiers for
piezo electronic, current to voltage converter, etc. were designed and built in
the workshop of the Universidad Auto´noma de Madrid (SEGAINVEX). STM
was controlled by a computer through a National instrument multi-functional
card, NI PCI-7833R. The software for the STM control was also developed in
the Laboratorio de Bajas Temperaturas, Universidad Auto´noma de Madrid
(LBT-UAM).
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1.3 Low temperature Measurements
Low temperature measurements were carried out using Heliox 2AST VL - 3He
cryostat supplied by Oxford Instruments.
3He reservoir
1 K Plate
Pumping Line
Super Isolation
Magnet
3He Pot
Capillary tube
to 1K Plate
STM
Liquid He
Sorb
1K Plate
Figure 1.10: Schematic of the 3He cryostat and dewar
Figure 1.10 illustrates the cryostat and dewar. Unlike most Helium dewars,
this dewar does not have an outer liquid nitrogen jacket because the boiling of
the liquid-nitrogen causes mechanical vibrations which critically affect STM
measurements. Hence, the nitrogen jacket free dewar helps in reducing the
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noise level of measurements. The inner part of the dewar is thermally shielded
from the outer world by an outer vacuum chamber (OVC). The outer vacuum
chamber also contain super-insulting materials which further reduces the heat
losses to surroundings. The OVC was pumped using a diffusion pump for
3-4 days to achieve a good vacuum inside it. This OVC vacuum pumping
process is repeated annually to ensure better thermal isolation. Inner Helium
reservoir also holds a 9 Tesla superconducting magnet coil. The reservoir has
a capacity of 56 L and hold time is approximately 50 hours (when no magnet
field applied).
1.3.1 Working of 3He Cryostat
The main parts of the insert are 1) 1-K plate, 2) the sorption pump and 3)
the helium-3 reservoir. The 1-K plate is connected to the Helium-4 reservoir
through a capillary tube. The flow of Helium-4 through the capillary is con-
trolled by a needle valve that is operated externally. When the valve is open
Helium-4 from reservoir flows into the 1K plate. The exit tube of the 1K-plate
connected to an external pumping line. The Helium-4 entering 1K-plate can
be pumped through this external line. This pumping reduces the pressure in-
side the 1-K plate and causes the boiling of Helium-4 entering 1 K Plate. The
heat of vaporization in this process cools 1K plate. The flow of the Helium-4
should be optimized to achieve proper cooling of 1 K plate. Typically the low-
est temperature achieved at the 1K-plate is around 1.5 K. The sorption pump
absorbs the He gas when cooled below 30 K. The sorption pump is cooled by
a heat exchanger connected to pumping line of 1K pot. Temperature of the
sorb can be controlled by a heater fitted on it. After lowering the temperature
of the 1 K pot, the heater in the sorb is turned ON. Temperature of the sorb
is set above 30 K. At this temperature, Helium-3 begins to desorb from the
sorption pump. Helium-3 gas flowing down will be condensed at the 1 K and
liquid Helium-3 is collected at the Helium-3 pot (see Figure 1.11). The sorb is
maintained at this temperature until all the Helium-3 condenses on the pot.
Once all the Helium-3 is condensed, the heater in the sorb is turned OFF. As
Chapter 1 Experimental Techniques 17
the temperature in the sorb drops it begins to adsorb 3He. This reduces the
vapor pressure in Helium-3 pot and heat of vaporization of 3He cools the pot.
A temperature as low as 0.350 K can be achieved at pot by this process.
Needle Valve
3He Sorption Pump
1 K Plate and coil
T ≈ 30
Outgassing
Condensing 3He
Liquid 3He at 1 K
3 He pot
Liquid 3He at base temperature
T < 3 K
pumping
3He Vapour
pumped by sorb
Figure 1.11: Working of 3He cryostat
1.3.2 Mechanical and Electrical noise reduction
Vibration isolation is an essential part of an STM measurement. A change of
0.1 nm in vertical displacement results in one order of magnitude change in the
tunnelling current (see Eqn 1.1 ). For this reason STM should be isolated from
all sorts of mechanical noise. In-order to isolate the system from mechanical
vibrations of the building, Dewar was suspended using elastic ropes. Initially,
four independent cables were used to suspend the dewar. Even though this
hanging reduced the mechanical noise, it was difficult to work with this system.
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Figure 1.12: Picture of Insert and 3He system
From time to time the dewar has to be lowered to ground level to refill the
Helium in the reservoir. Also, the weight was not perfectly balanced between
the four cables. To avoid such disadvantages, we replaced it with rope and
pulley system. In the figure 1.13, one can notice that the ropes attached to the
top part of the dewar. Single elastic rope interconnected through a set of eight
pulleys. Four of these pulleys are attached to the pillars of the lab and four
to the dewar. The dewar is hanged with the helped of these pulleys during
the measurement. In this case, the weight of the system is equally distributed
among the ropes. Also, this arrangement assists in the smooth movement of
the dewar during the helium refill.
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Another source of the mechanical noise is from the Helium recovery tube
lines connected to the dewar and 3He-insert. We used rubber based tube for
connecting pumping line and helium recovery line to reduce this noise. All the
tubes and cables arriving in the cryostat were anchored rigidly to the Dewar.
The Pump used for 1K pot is kept outside building to reduce noise. The STM
was rigidly fixed to the 3He pot using custom-made copper block.
An additional source of noise is the electrical noise from the various electronic
instruments used in the lab. The experimental wiring of the system was care-
fully done in order to avoid any such noise. All the high voltages cables were
passed through RF filters. For current and Bias voltage, we used steel coaxial
cables. Shield of the coaxial cables and body of the cryostat were connected
to common ground. A separate ground, that is separated from the rest of the
ground used in the lab, was used for the experimental set-up. A power line
filter was used to avoid the electromagnetic interference between the power
supply line and the equipments.
1
2
3
4
5
a
Figure 1.13: Photograph of the experimental set-up. Inset shows the
schematics of the pulley and rope system to hang the dewar. 1) Controller
for Magnet. 2) Electronics for STM (Bias voltage card, I-V converter and
high voltage amplifier, 3) Capacitance Bridge, 4) Temperature Controller
and Helium level meter 5) Computer)
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Deposition of Single
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Chapter 2
Spray Deposition of molecules
on Gold
Controlled deposition of isolated molecules on atomically flat substrates is
an essential step to perform single molecule scanning probe experiments. In
this Chapter, we have developed a spray deposition method to deposit indi-
vidual polyoxometalate (POM) molecules on Au(111). The first part of the
chapter deals with the deposition of polyoxometalate single-molecule mag-
net [Dy(H2O)P5W30O110]
12−. The second part of the chapter deals with a
procedure to avoid surface contaminations while cooling samples to low tem-
perature.
2.1 Motivation
Molecular Electronics aims to integrate rationally designed molecules in an
electronic circuit to develop novel electronic gadgets that utilize quantum prop-
erties of these molecules[26, 27]. The advantage of these devices is that the
charge transport characteristics of these devices can be controlled while de-
signing the molecule using chemical methods (sometimes referred ”synthetic
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tailarobility”). The possible functionalities that could be achieved by these
molecules are conductors, insulators, switches, Memories, amplifiers, diodes,
etc [2]. One of the additional functionality molecular electronics aim to incor-
porate in these molecular devices is magnetism. One way to achieve this is by
the use of Single Molecule Magnets (SMM), which are magnetic molecules ex-
hibiting a slow relaxation of the magnetization at low temperatures [28]. These
molecules possess large and anisotropic magnetic moments. Many molecules
were reported to show SMM behaviour [29]. One of the primary goals in
molecular spintronics is to detect and manipulate the spin of the SMM by
applying electrical field. Electrical probing is usually done by measuring the
electron transport across a magnetic molecule anchored between conducting
electrodes. Single molecule transport experiments are typically carried out in
electro-migrated junctions, mechanically controlled break junctions or scan-
ning tunnelling microscope (STM) [30–33]. Apart from transport measure-
ments, STM can image molecules with atomic resolution in real space which
makes it an ideal technique to investigate SMMs. To probe the molecules using
STM, it has to be deposited in a controlled manner on a suitable conducting
substrate.
Polyoxometalates (POMs) are an abundant class of metal oxide molecular
clusters. These molecules are used in a lot of applications such as catalysis,
materials science, medicine and, more recently, magnetism [34, 35]. One of
the POM based SMM is potassium salt of the anion [Dy(H2O)P5W30O110]
12−
(henceforth referred as DyW30), which is a lanthanoid-based POM with a
5-fold symmetry. Heat capacity and dynamic magnetic hysteresis measure-
ments of a powdered sample have shown that this mono-nuclear lanthanoid
molecule behaves as an SMM at low-temperature [4]. Since these molecules
are non-volatile, non-thermal methods must be used to deposit this molecule.
In this chapter a simple ex-situ wet deposition method, using a nebulizer was
employed, to deposit these magnetic POMs on a metallic substrate.
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2.2 Review of deposition methods
The studies of the single molecules deposited on a surface are important for
both fundamental science and practical applications. Also reducing the size
to nano-scale dimensions leads to the appearance of new phenomenologies
different from bulk materials. In these systems, inter-molecular interactions
and surface interactions play a significant role in determining the physical and
chemical properties. These interactions may completely alter the properties
of molecules, especially in the case of SMMs. In this section, I a brief review
of various deposition methods used to deposit SMMs on various surfaces is
given.
For most of the STM studies, molecular deposition is done in an Ultra High
Vacuum (UHV) environment. Usually at UHV conditions, thermal evapora-
tion techniques, in which molecules are evaporated on to the surface, are used
to deposit molecules in-order to avoid contamination due to the solvents [36].
However, the thermal deposition method is limited to those molecules that
have low vapour pressure [37]. A large species of the SMMs are large coordi-
nation compounds, and they decompose upon heating, and hence cannot be
deposited by using thermal procedure [32]. To overcome such decomposition
Kahle et al. developed an in-situ electrospray deposition technique compat-
ible with ultra-high vacuum condition[33]. The scheme of Electrospray ion
beam deposition (ES-IBD) of Mn121 molecular magnets is shown in figure
2.1. They also utilized a mass spectrometer to isolate the intact molecule
from fragmented molecule. They showed that fragile Mn12 SMMs can be
successfully deposited on metallic and thin-insulating surfaces, and magnetic
properties probed using STM.
1Mn12O12(CH3COO)16(H2O)4 - a single molecule magnet
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a b
Figure 2.1: (a) Structure of the Mn12 SMM (b)Scheme of Electro-spray ion
beam deposition technique. (c) and (d) STM topographic images of Mn12
molecules deposited on Cu(001) and Au(111) using electro-spray. Images
are from ref [33]
Figure 2.2: (a)Structure of the TbPc2 molecule. (b) Scheme of the dry-
imprinting technique (c) Constant current topograph of two isolated TbPc2
molecules supported by the Cu(111) surface (d) Simulated STM image of an
isolated TbPc2 molecule. Images are from ref [38]
Another deposition method, called dry imprint technique, which is compatible
with the ultrahigh vacuum (UHV) conditions was developed by Vitali et al.
[38]. In this method, fine powder of the molecules is transferred to a fibre
glass bundle. Then the fibreglass bundle is brought into soft contact with the
surface. This process leads to direct transfer of molecule and clusters on to
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the required surface. This method was used to deposit bis (phthalocyanine)
terbium (III) on a copper surface (see Figure 2.2). The advantage of this
method is that it is free from contamination due to solvent.
However, UHV compatible in-situ deposition techniques are not available in all
experimental systems, and in such cases one has to resort to alternative meth-
ods to deposit these heavy molecules. Wet chemistry methods are employed to
deposit SMM on such situations [39–41]. The simplest wet method to deposit
molecules on a surface is drop casting, in which a solution droplet is deposited
on the surface. Upon the solvent evaporation, molecules are physisorbed on
the surface due to interactions such as hydrogen bonds, van der Waals forces,
ionic interactions and hydrophobic interactions [42]. An alternative method
for drop casting is dip casting, in which the sample surface is immersed in
the solution for particular time and dried afterwards to obtain physisorbed
molecules.This method was used to deposit Mn12 [43, 44], bis (phthalocya-
nine) terbium (III) [39]. The figure 2.3 shows an example of sample prepared
by dip casting.
Figure 2.3: (a) shows AFM topography (815×815 nm2) of a Mn12 sample
prepared by dipping substrate in a 10−4 Molar solution for 1 hour (b) phase
shift image of the same area. The phase image clearly shows the surface
features such as background layer, molecular wires, and molecular islands.
Image from ref [43]
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a b c
Figure 2.4: (a) Scheme shows the direct deposition of SMM on a surface. In
this case, weak non-covalent interactions links the SMMs and substrates (b)
Scheme shows deposition of functionalized SMMs on a bare surface. Here,
Violet colour represents the SMM and orange colour represents the linker
groups. (c) In this scheme, substrate is pre- functionalized with specific a
linker group. The SMMs are deposited on this substrate.
The absorption of the SMMs on the surface can improved by functionalizing
the molecule, the surface or the both. The scheme involved in the function-
alisation are shown in figure 2.4. When the molecule is deposited on a bare
surface it is immobilized mainly by the weak non- covalent interactions. This
interaction can be improved by adding linker groups. The linker group makes
covalent bonds with the substrate and helps the SMM to attain better absorp-
tion and stability. Alternatively the surface can be pre-functionalized before
deposing the molecule. This is shown in 2.4 c. Coronado et al. used this pre-
functionalisation technique to immobilize Mn12-SMM on a gold surface [45].
They successfully managed to adsorb polycationic SMM onto self-assembled
monolayers on a gold surface. They showed that this method is better for
the stability of the molecule when compared with those deposited directly on
bare gold. The scheme of this method is shown in figure 2.5. This method
also helps in controlling the orientation of the molecule which in turn helps in
fixing the direction of the magnetic axis of the molecule.
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a
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Figure 2.5: (a) Scheme shows immobilization of SMM through electro-
static interactions of polycationic Mn12 molecule on a Au surface pre-
functionalized with anionic self-assembled monolayers (b) constant current
STM of the SMMs once grafted on the surface. Images from ref [42, 45]
These are some commonly employed deposition techniques used for deposit-
ing SMMs on surfaces for the scanning probe technique based investigation.
There are other deposition method such as stamp-assisted soft lithographic
techniques, electronic lithography techniques, etc. for making arrays of SMMs
[42]. However, the review is restricted to the main methods used to attain
isolated SMMs for scanning probe measurements.
2.3 Sample Preparation and Characterization
In the previous section, various approaches to deposit molecules on surfaces
were discussed. DyW30 is a molecule belonging to polyoxometalate family that
shows interesting physical properties [4]. To explore the properties using STM,
this molecule has to be deposited on a conducting surface. Gold is an ideal
candidate deposit molecule since it is very stable under ambient conditions
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and less reactant to commonly used solvents. In this section, various strategies
employed to deposit the molecule on gold surface are described..
We used Gold deposited on Quartz purchased from Arrandee as the substrate.
The substrates were flame annealed with a butane flame prior to deposition.
Flame annealing promotes the formation of large atomically flat terraces of
Au(111). Details of synthesis and characterization of DyW30 are described
elsewhere [46]. The chemical structure of DyW30 is shown in Figure 2.6.
The lanthanide ion, Dy3+, is encapsulated by an oxometalate capsule. The
molecule has a diameter of 1.84 nm and a height of 1.34 nm.
1.
34
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m
1.84 nm
Figure 2.6: [DyP5W30O110]
12− polyoxometalate molecule (red: oxygen;
blue: tungsten; orange: phosphor; violet: dysprosium).
We used water as the solvent. Powdered samples of DyW30 were dissolved in
milliQ water to prepare molecular solutions of various concentrations, ranging
from 10−5 Molar to 10−9 Molar.
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2.3.1 Drop casting
At first, the molecules were deposited using the drop casting method, which
involves transferring a drop of molecular solution over a substrate ( in this
case Au(111) ) and keeping it in the presence of an inert gas until the solvent
totally evaporated. The diameter of the deposited drop varied from 3-5 mm.
These large drops of water solution take 4 - 6 hours to dry completely. This
slow evaporation of the solvent eventually leads to supersaturation and favours
the formation of crystals. The formation of the crystals is independent of the
concentration of the solution. An optical image of crystals formed on the gold
surface is shown in Figure 2.7a. Thick crystals are found along the boundary
of the droplet while the inner part shows dendrites with fractal patterns (top
part of Figure 2.7a.). Figure 2.7b shows a dark field optical image of inner
dendrites. The Atomic Force Microscope (AFM) image, figure 2.7c, show
micron-sized crystals, 40-300 nm height, on the surface. It was also observed
that the drops form large contact angles to the substrate, indicating that the
solution was not in fact wetting the substrate.
Figure 2.7: (a) Optical image of DyW30 crystals deposited over a gold
substrate using the drop casting technique. (b) Dark field optical image of
the same sample. (c) AFM image of the DyW30 crystals.
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2.3.2 Spray deposition
1 cm
Spraying distance(D) 
Gas Input 
Liquid Input (DyW30/Water) a b
Figure 2.8: (a) Photo of Meinhard Nebulizer (b) Schematic of Spraying
The formation of the crystals in the drop casting method is due to the slow
evaporation time. A disperse molecular coverage is attained if a faster drop
evaporation technique is employed. It is observed that the spray deposition us-
ing a nebulizer (Meinhard TR-30-K1) yields droplets of reduced size [47]. The
nebulizer utilize pressurized gas to break down solutions into tiny droplets.
This method was employed by C˘ervenka et al. to obtain a monolayer of C60
molecule. They sprayed C60 molecule dissolved in various solvents with differ-
ent evaporation time and sprayed them under ambient conditions. They could
produce monolayer thick C60 films on graphite and gold surfaces depending
on certain spraying parameters. They anticipated that this spraying method
could be used of thermally unstable molecules. The deposition process medi-
ated by an ultra-thin solution film on a sample surface. These tiny droplets
sprayed by nebulizer have a large surface to volume ratio that results in faster
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evaporation, thus preventing crystallization. The aspiration rate of the nebu-
lizer was set at 0.33 mL/min. Helium gas at 1.3 bar was used as the carrier
gas. A schematics and a photograph of the nebulizer is shown in Figure 2.8.
Spraying was carried out in a fume hood and at ambient temperature. The
air flow of the fume hood was temporarily stopped during the spraying.
The parameters controlling the deposition of the molecule on surface are (a)
concentration of the solution, (b) evaporation rate of the solvent, (c) the spray-
ing distance, D, and (d) the spraying time [47]. Spraying distance, (D) and
evaporation rate of the solvent determines the droplet size. A large D and
faster evaporation rate will result in smaller droplets. However, increasing the
D would lead to a total evaporation of the solvent before reaching the surface
resulting in the formation of large clusters of the molecules. We tried spraying
at different distance and found the optimum distance to avoid cluster forma-
tion. In order to control the surface coverage, we fixed the spraying distance
(D = 30 cm) and spraying time (ts = 5 min) and varied the concentration
(10−5 − 10−8 M).
2.3.3 STM and XPS Measurements
We analyzed the resulting samples using a home built Scanning Tunnelling
Microscope (STM) designed for room temperature operation. Mechanically
cut gold or platinum-iridium wires were used as STM tip. Images were taken
at Vb = +1.3V (with respect to the substrate) and low tunneling current
It = 0.1nA..
The STM images (Figure 3 2.9b-e) show samples sprayed with 10−5, 10−6,
10−7 and 10−8 Molar solutions. We observe that a 10−5M solution results
in full coverage of the substrate (see Figure 2.9b). Samples sprayed with
the 10−7M solution lead to a lower submonolayer coverage with randomly
distributed isolated molecules. The images show that the molecules are mostly
attached to step edges of gold terraces. Spraying of 10−8 M solutions yields
well separated isolated molecules on the surface. Figure 2.9f shows the line
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profile of an isolated molecule. The apparent height of the molecule measured
using STM was found to be 0.65 nm. The measured height is lower than the
actual height (1.34 nm) of the molecule. This height difference is due to the
different apparent barrier height on top of the molecule compared to that of
gold.
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Figure 2.9: (a) STM image of Au(111) before deposition (b-e) STM image
of surface after sprayed with solution of different concentration. (b) 10−5 M,
(c) 10−6 M, (d) 10−7 M and (e) 10−8 M (Bias voltage,Vb = +1.3V , is applied
to substrate,It = 0.1nA,), (f) Line profile along molecule, blue colour refers
to the line on image(e). All the images are taken at ambient condition.
We were able to conduct scanning tunnelling spectroscopy (STS) on an iso-
lated molecule by positioning the STM tip on top of one and ramping the
voltage while holding the feedback control off (see Figure 2.10). The result-
ing I-V curve are highly asymmetric. It is important to note here that the
molecular conductance is very small for voltages below +0.9 V. Therefore, it
is crucial to set bias voltage, Vb, above this threshold when imaging samples
using the STM in the constant-current mode. For Vb < +0.9V , when the tip
approaches the molecule the current decreases (see Figure 2.10), producing
a vertical approach of the tip to keep the current constant. Consequently,
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the tip-substrate distance decreases and becomes too low, resulting in the tip
mechanically displace the molecules in the scan direction.
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Figure 2.10: IV curve taken on clean gold surface (rose) and molecule
(blue)
For further verification of the integrity of the molecule on the metal substrate,
we have performed X-ray photo-electron spectroscopy (XPS) measurements.
This work was done in collaboration with Prof. Roberto Otero Mart´ın at
IMDEA Nanociencia, Madrid. XPS experiments were carried out in a UHV
chamber, equipped with a hemispherical energy analyser (Phoibos 150 from
SPECS) and a monochromatized AlKα X-ray source (1486.74 eV) as incident
photon radiation. The samples prepared by spray-deposition method were
mounted on the sample holder placed in a pre-vacuum chamber overnight and
then subsequently transferred to the XPS vacuum chamber. The residual
pressure in the vacuum chamber during data collection was below 5 × 10−9
Torr. The binding energies were calibrated to XPS spectra of the bulk line of
Au 4f7/2 core level at 84 eV.
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Figure 2.11: XPS over a broad range of energies for the sample before
(black) and after spray deposition of DyW30 (red)
The figure 2.11 shows XPS survey of bare Au(111) surface (in black) and after
the deposition of DyW30 molecules (in red). The bare Au(111) surface can be
considered almost clean, however, a relatively small presence of Oxygen and
Carbon, due to ex-situ preparation in ambient condition, and Sulfur, due to
the contamination of gold, is detected by the XPS. On the other hand, the
red wide-scan XP spectrum confirms the simultaneous presence on surface of
all the elements (Dy,P,K,W,O) belonging to the molecule under investigation,
which revels the efficiency of the deposition method on Au(111) surface. In
both the samples there is presence of chromium. This signal is from the
underlying chromium, which is used as an adhesive layer for gold.
Figure 2.12 detailed study of XPSpectra. The results shows that all the el-
ements composing the POM under investigation are present on the surface
after spray deposition. The intensity ratio between the outermost elements in
the polyoxometalate cage, W4f and K2p, corrected with the photo-emission
cross-sections yields 2.3± 0.1, in perfect agreement with the expected value of
2.4 based on the chemical composition of the molecule. For the inner elements,
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P and Dy, however, the peaks are significantly attenuated, most likely because
they are placed farther away from the sample surface. Also, the binding en-
ergy of W4f is in a good agreement with the values found in the literature for
other POMs [48]. These results support the idea that the spray method leads
to sub-monolayer deposition of intact POM molecules.
Figure 2.12: XPSpectra (hν = 1486.74eV ) of the sprayed POM film on
Au, showing the main elements in the POM structure: a) K2p, b) Dy4d,
c)P2p and e) W4f
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2.4 Procedure for clean cooling
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Figure 2.13: (a) & (b) shows the STM image of clean gold samples imaged
at ambient condition. (c) & (d) shows the STM image of same sample after
cooling down to 77 K
One of the biggest challenges in the wet sample preparation method is the
surface contamination. To carry out the sensitive measurements sample has
to be cooled to cryogenic temperature. The Figure 2.13 a & b shows the STM
images of a gold sample taken at ambient conditions. The image shows that
the surface is clean and void of contaminants. After cooling down to Liquid
Nitrogen temperature, we investigated the sample again. The Figure 2.13c &
d shows the STM images taken at 77 K. The surface is contaminated with
impurities. This could be due to the pumping system employed. There is a
possibility that a very small volume of oil used in diffusion pump may escape
to the IVC and contaminate the surface.
In addition to that, at low-temperature, the residual solvents used in the sam-
ple preparation may also freeze on the surface and hence contaminate the sur-
face. The use of volatile organic solvents such as Acetonitrile, Dichloromethane
(DCM), etc. which evaporates faster without leaving marks on the surface
helps to get rid of such contamination to some extent. However, the solvents
are unique to the molecules. In this particular case, the water turned out to be
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the sole solvent compatible with DyW30. Most of the contamination occurs
while cooling the sample to low temperature.
One way to get rid of such contamination is to cleave the sample after cooling
down to low temperature. This produces a fresh surface which is devoid of
contamination. This method is ideal when one is interested in investigating
the surface. Cleaving the surface after depositing the molecule is not possible
since the cleaving will remove the top layer which contains the molecule. This
is also one reason for depositing molecules at UHV conditions. To investigate
the molecules, deposited using wet deposition techniques, we developed a clean
cooling procedure that keeps the surface clean during cooling down. This
procedure was developed with the help of Prof. Sergey Kubatkin, and Prof.
Andrey Danilov from the Chalmers University, Sweden.
Heater
IVC
Helium
Gas
Liquid Nitrogen Cold Trap Rotary Pump
V1V2
V3V4
Sample
Figure 2.14: Schematic for clean pumping procedure
Figure 2.14 shows the schematic of the experimental set-up. The inner Vacuum
chamber (IVC) is equipped with a 3He cryostat. The STM is attached to the
base of the 3He cryostat. The sample for measurement was transferred to
STM immediately after deposition of molecules. After moving the sample
to STM sample holder, IVC was sealed using indium O-ring. The IVC was
pumped to vacuum using a rotary vane pump. Sometimes, turbo-pump was
also used. The pumping line was connected to a liquid nitrogen cooled cold
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trap to ensure clean pumping (see figure 2.14). The Cryotrapping, based
on condensation of gases on a cold surface, is an efficient way of vacuum
pumping at cryogenic temperatures. Most of the contaminants such as water,
hydrocarbons, oil from pumping system, etc. condense about 100 K [49] and
inert gases, hydrogen, etc. at helium temperature [50]. This ensures that
the diffusion oil or any other contaminants are not passing to the vacuum
chamber. The sample holder was kept at 400C during pumping with the help
of resistors attached to the sample holder. When the pressure of the chamber
reaches below 10−3 millibar, pumping line is closed momentarily by closing
valve V1. Then the chamber was flashed with Nitrogen gas, which is directly
evaporated from the Liquid Nitrogen by opening V2 and V3 momentarily.
After Nitrogen flashing, valve V1 is opened, and the chamber is pumped with
the rotary pump until the pressure drops to 10−3 millibar. This process was
repeated twice. This process helps to remove residual gases present in the
chamber. Finally, IVC is filled with the exchange gas, Helium. The IVC is
then transferred to the dewar and cooled to helium temperature. Temperature
of the sample holder is maintained at 400 C while cooling down the IVC. The
walls of the IVC are in contact liquid Helium. Liquid Helium cooled IVC
walls act as cryotrap.The pressure can be as low as 10−14 mbar at helium
cooled systems[51]. An activated carbon sorption pump is also present at the
IVC. When the temperature drops to cryogenic temperature activated charcoal
adsorbs Helium gas and remaining residual gases. At this low pressure along
with the high temperature, 400 C maintained at the sample removes most of
the residual solvents and gases adsorbed on the sample. The heater is kept
in ON state till all other parts are cooled to a lower temperature. This heat
gradient also helps to remove the solvents from the surface. The system is
kept in this state for some time (approx 2 hours), and then the heater is
turned OFF. This time cooling will be slower since there is no exchange gas
inside the system. All these process helps to attain a clean surface while
cooling down. However, the top part of the IVC is at room temperature, and
there is a possibility that the desorbed gasses from these parts might move
towards a cold region of IVC. This contamination possibility is prevented by
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placing helium cooled metallic plates at some distance from the opening of
tubes entering IVC.
5 nm
0 2 4 6 8−0.4
−0.2
0
0.2
0.4
0.6
To
po
gr
ap
hy
 (n
m
)
a b
Tip Position (nm)
Figure 2.15: (a) STM Image of DyW30 on gold taken at 350mK. (b) Line
profile of molecule adsorbed on step edge
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Figure 2.16: Conductance- distance curve taken on clean area (average of
10 curves) at 350 mK
Figure 2.16.a shows the STM image of the surface measured at 77K. This image
clearly demonstrates that the surface is clean, and molecules can be stably
imaged. Work function on clean areas was measured by taking Conductance-
displacement (G− z). The ork function calculated from the log(G)− z plot is
3.7 eV. This value is lesser than the observed work function ( 5.1 eV) for gold
prepared in Ultra High Vacuum (UHV) conditions. However, this is expectable
in the case of sample prepared by the wet sample preparation methods. Some
areas were contaminated during this procedure as well. But most of the areas
are clean, and molecules can be clearly distinguished.
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2.5 Conclusions
The results show that SMMs can be controllably deposited using the wet spray
coating technique. STM results demonstrate that molecules stay intact on the
surface. This method allows us to obtain sub-monolayer coverage that is an
essential requirement to probe and address individual molecules. This method
can be readily adapted to deposit any molecules that cannot be deposited by
conventional methods. XPS confirms that the molecule stays intact upon
deposition over the gold surface. A clean cooling down procedure compatible
with wet sample preparation method was developed. The results show that
the procedure helps to maintain the surface clean at low temperature.
Part II
Molecular Rectifiers
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Chapter 3
Molecular Rectifiers
Molecular rectifiers are molecule-based electronic devices that function as a
rectifier of electric current. In this chapter, the main advancements in the field
of molecular electronics are reviewed with a focus on the molecular rectifiers.
Rectifiers are the electrical devices that convert alternating electrical current
to direct current. The first part deals with the historical development of the
macroscopic rectifiers and the demands that led to the miniaturisation of these
devices. The second part deals with the various mechanisms involved in the
rectification process in molecular devices.
3.1 Review of Rectifiers
3.1.1 Vacuum-tube Diodes
Non-linear electronic elements play a vital role in the electronics industry as
these elements form the vital part in logical devices. The predecessor of most
of the current controlling devices used nowadays are Fleming diode valves in-
vented by John Ambrose Fleming [52]. This device consists of two electrodes
(hence the name diode) placed in a vacuum tube. The working principle of this
diode is based on the thermionic emission. Schematic of the thermionic diode
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device is shown in the Figure 3.1. One of the electrodes, cathode, is a filament
that is heated to emit thermionic electrons. These hot electrons are collected
by the other electrode, anode, which is kept at normal temperature. When
a positive potential is applied to the anode, hot electrons from the cathode
move toward anode producing a direct current flow in the circuit. Conversely,
when the negative voltage is applied to the anode, there will not be any flow of
current as the ‘cold’ electrons from the anode cannot flow to the hot cathode.
When an AC signal is applied across this device, then it will only allow the
positive cycles to pass through it. A rectifier is defined as a two-terminal de-
vice that allows the current to flow for a given polarity of the applied voltage
in terminals but blocked when the polarity is reversed. Thus, Fleming valve
became the first practical rectifier. Figure 3.1b shows one of the first diodes
made by Fleming. Shortly after the invention of Fleming diode, Lee De Forest
developed a better current controlling device by adding a third electrode be-
tween anode and cathode [53]. These discoveries commenced development of a
lot of electronic elements such as diodes, amplifiers, oscillators, switches based
on vacuum tubes. These vacuum-tube based devices dominated the first four
decades of the 20th century. The disadvantages of tubes were that they were
bulky and had high power consumption.
Anode
Heater
Cathode
Vacuum
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Hot
e-
Figure 3.1: (a) Schematic of a thermionic diode (b) One of the first
thermionic diode valve used by Fleming. Science Museum, London.
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Rectification in metal sulfides (Karl. F. Braun, 1874) and Point-contact (J. C.
Bose, 1904) were known before the use of vacuum tube based devices [54–56].
Even though these devices were used for particular applications, it could not
replace vacuum tubes. A boost in the field occurred with the development of
advanced metallurgical processes which resulted in the production of highly
pure semiconducting materials and hence led to the discovery of p-n junction
semiconducting diode [57]. Another breakthrough in semi-conducting devices
came in 1948 with the invention of transistors using point contact junction
made on germanium by John Bardeen and Walter Brattain[58, 59]. Follow-
ing this William Shockley devolved a theory for diodes and bipolar junction
transistors [60]. Because of small size, electronic circuits with more transis-
tors could be integrated in one single device. However interconnects used to
link transistors caused sufficient delays [61]. In 1958, Jack Kilby overcame
this problem by fabricating several devices on a single silicon substrate and
connecting it using wire bonding, resulting in the first integrated circuits.
Field-effect transistors later replaced bipolar junction transistors. This was
followed by a competition to integrate more and more devices on a single sil-
icon chip to increase computational power. Gordon Moore noticed that the
number of transistors in integrated circuits grew exponentially with time [1].
The observation he made is now known as “Moore’s law”. Figure 3.2 shows the
number of transistors in Intel processors is plotted as a function of time. This
increased number of components in integrated circuits increased the speed
of computing. Semiconductor industry uses new techniques for reducing the
size of the devices. Various lithographic techniques are used to make mass
production of silicon based semiconducting devices. At present, these tech-
niques have succeeded in developing 22 nm devices [62]. Fabrication of further
small devices using current techniques are technically challenging and are not
economically viable [63]. An alternative way to overcome this limit is to fab-
ricate the nano-scale device using “bottom up” strategy. In the bottom-up
approach, chemical or physical methods are used to construct large structures
from smaller basic structures such as molecules, nanowires, etc. [64].
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Figure 3.2: Number of transistors in successive Intel processors as a func-
tion of time. figure from [65]
3.1.2 p-n Junction Diodes
It is necessary to describe the working of semiconductor diodes before dis-
cussing molecular diodes. Semiconductors are those materials whose electrical
resistivity is between conductors and insulators. Unlike conductors, semicon-
ducting materials show a decrease in resistivity with an increase in temper-
ature. These properties of semiconductors are due to the small band gap
in these materials compared to an insulating material. Silicon and Germa-
nium are the most extensively used semiconductors. Semiconductors in their
pure form show very low conductivity and are called intrinsic semiconductors.
These intrinsic semiconductors are doped with trivalent or pentavalent ma-
terials to improve their conductivity and are called extrinsic semiconductors.
Depending on the type of majority charge carriers, these extrinsic semicon-
ductors are classified into two - p -type (holes) and n-type (electrons). p-n
junction device is a semiconductor in which a part of it is made out of p-type
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material and another part by n-type materials. Schematic of a p-n junction
is shown in Figure 3.3b. When a p-n junction is formed, the majority carri-
ers - electrons in the n region and holes in the p region, diffuses across the
boundary. After a while, an equilibrium is established in the junction due to
the hole-electron recombination( shown in Figure 3.3 b). A contact potential
is developed in the region close to the junction, and this potential prevents
the further migration of holes and electrons across the junction. The region
formed at the interface is devoid of mobile charge carriers and is termed as
depletion region.
p - type n-type
holes free electrons
impurity ions
+ ve potential- ve potential
0
-
+
potential(V)
Depletion
Layer
a b
Figure 3.3: (a) Schematic showing a p-n junction. (b) p-n junction at zero
bias condition.
When a bias voltage is applied across the p-n junction device, then the equi-
librium is altered. In the forwards bias condition, a positive voltage is applied
to the p region and negative to the n region. The applied potential is in the
opposite direction of the contact potential and hence reduces the width of the
depletion layer. The electron and holes can easily cross this modified junction
and results in an increase in the current through the junction (see figure 3.4a).
The forward bias I-V characteristics of Si and Ge are shown in figure 3.4b.
The voltage at which the current shows rapid rise is called knee point. The
knee point value for Si is around 0.6V, and Ge is around 0.2 V.
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Figure 3.4: (a) p-n junction in forward bias condition (b) forward bias IV
characteristics (c) p-n junction in reverse bias condition (b) reverse bias IV
characteristics
In the reverse bias condition, the p-type region is connected to the negative
potential and n-type to the positive potential. The external voltage is in the
same direction of the contact potential. This potential drifts the electron in
the n region and the holes in the p region always from the junction. This
results in the increase in the width of the depletion layer and ideally no cur-
rent flows through the junction. However, due to thermal excitations, some
electrons and holes are generated in the p region and n region respectively.
These thermally generated electrons and holes are called minority carriers.
These minority carriers are attracted towards the applied voltage and causes
a small current across the junction. Reverse bias IV characteristic is shown
in figure 3.4c.However, increasing the negative bias voltage above a certain
value, breakdown voltage, results in a rapid flow of current through the junc-
tion. Thus, a p-n junction offers a low resistance path to current on forward
bias condition and high resistance to current on reverse bias condition. Hence,
it can perform as a rectifier. In the case of an ideal diode, IV characteristics
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are given by the Shockley diode equation [66]
I = IS
(
eV/(nVT ) − 1
)
(3.1)
Where, I is the voltage dependent current passing through the diode, IS is the
reverse bias saturation current, V is the voltage applied across p-n junction,
VT is the thermal voltage and n is the quality factor. The thermal voltage, VT
for a given temperature (T) is given by VT =
κT
q
where, κ is the Boltzmann’s
constant and q is the charge on the electron. Figure 3.5 shows the effect of
temperature on forward bias characteristics of a p-n junction. The knee voltage
reduces with the increase in the temperature. The reverse bias breakdown
voltage is also a temperature dependent mechanism. For a silicon diode, the
reverse leakage current almost doubles for about every 10 K change.
I D
(m
A
)
VD(V)
300 K 300 K - ΔT
300 K + ΔT
Figure 3.5: Effect of temperature on forward bias characteristics of pn
junction
One of the main characteristics that determine the size of the p-n junction
diode is the space charge region or depletion region. The width Wdw of this
region is given by [66].
Wdw ≈
√
2r0
q
(
NA +ND
NAND
)
(Φbi − V ) (3.2)
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where r is the relative dielectric permittivity of the semiconductor, ND ( NA)
represents the number of ionized donors (acceptors), Φbi is the built-in voltage,
and V is the applied bias. This shows that width of the diode depends on the
impurity concentration and applied voltage. Typically this width varies from
0.5 microns to few microns in the case of practical diodes [66].
3.1.3 Rectification in Molecular Devices
Molecular electronics is defined as the branch of physics which studies the elec-
tronics components made out of molecules. This concept was first proposed
by Richard Feynman in 1959 [67]. Feynman was much ahead of his time
when he proposed this concept. These devices aim to utilize single molecules
or group of single molecules to perform various electronic functions. Based
on the number of molecules used, these devices are classified into (i) bulk
molecular devices and (ii) single molecule devices. In the bulk molecular de-
vices, a collection of molecules performs the desired action. These devices
are analogues to inorganic device such as Si or Ge devices, but the made out
molecules (mostly organic ). e.g. organic light-emitting diode, organic solar
cell, etc. Meanwhile, single molecule devices are devices based on the func-
tionality of ‘just one’ Molecule. e.g. Single molecule diode, Single-Molecule
Magnets, etc. In this thesis, we concentrate on single molecule devices. Even
though the theoretical concept for single-molecule devices were predicted in
the 1960s, there was no experimental technique available to address a single
molecule at that time. The ability to probe and manipulate individual atoms
and molecule came much later after the invention of Scanning Probe Micro-
scopes. These single molecule based systems could lead to an alternative strat-
egy for developing smaller devices. One needs well defined identical molecules
for fabricating nano-devices that can be synthesized by chemical processes.
Chemistry also allows to incorporate various functionalities in molecular de-
vices. These functional molecules are expected to perform the role of different
electronic components. Rectification is one such functionality. As mentioned
in the previous section, rectification is commonly achieved using p-n junction
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or Schottky diodes. The size of these devices are orders of magnitude higher
than the size of the molecule. If a functional molecule can replace these devices
then it will help in fulfilling the dream of achieving the ultimate miniaturized
devices.
3.2 Rectification in Molecular Junction
As described in the Section 3.1.1 rectifiers are devices that allow selective
passage of current depending on the polarity of applied voltage. Rectifiers are
the simplest of logic circuits. Rectifiers based on molecules were first proposed
by Aviram and Ratner in 1974 [3].
3.2.1 Aviram - Ratner Model
Aviram Ratner rectifier model for molecular diode is based on a donor-acceptor
molecule.[3]. Structure of the molecule is shown in Figure 3.6 (a). Tetra-
cyanoquinodimethane (TCNQ) act as acceptor and tetrathiolfulvalene (TTF)
act as donor. A triple methylene bridge separates donor and acceptor. Here,
donor means an electron rich unit that can easily donate electrons and acceptor
means an electron deficient unit that can readily accept electrons. Methylene
bridge connecting the donor and acceptor is an insulating unit that act as a
tunnelling barrier. The acceptor region is electro-statically negatively charged,
and the donor is positively charged. This results in an electric dipole moment
in the direction of transport from acceptor to the donor. This favors trans-
port in one direction. Figure 3.6 (b) shows the energy level diagram of the
metal-molecule-metal junction when no bias voltage is applied across the junc-
tion. The levels of the donor and acceptor are positioned asymmetrically with
respect to Fermi level. During forward bias, the right electrode is in lower
potential compared to left, electrons tunnel from the left electrode to right
through the molecular level as shown in 3.6 (c). At first, an electron from
the left electrode jump to Lowest Unoccupied Molecular Orbital (LUMO) of
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the acceptor. From there it jumps to the Highest Occupied Molecular Or-
bital (HOMO) of the donor through the internal tunnel barrier. And finally
it jumps to the metal electrode in the right. In the reverse bias, tunnelling of
electrons from the right to left requires more energy to cross the barrier. This
asymmetry in the threshold voltage in forward and reverse polarity results in
rectification.
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Figure 3.6: (a) Structure of the molecule Tetracyanoquinodimethane
(TCNQ) (acceptor), tetrathiolfulvalene (TTF) ( donor) and triple methy-
lene (bridge). (b) Energy-level diagrams of the system when the molecule
is connected between two metal electrodes,(c) forward bias condition (d)
reverse bias condition. Taken from [3, 61]
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Scheme for charge transfer in the case of Ratner model in the molecule is
shown in Figure 3.7. The Ratner molecule D − σ − A is connected between
two macroscopic metal electrodes M1 and M2 (In-order to follow the same
scheme as in Figure 3.6 we denote it as A− σ −D).
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Figure 3.7: Scheme showing charge transfer in an Aviram Ratner Molecule
(ET- elastic tunneling, IVT- intramolecular intervalence electron transfer)
Figure adapted from [3, 68]
When the system is forward biased (Figure 3.7 a-b), electron transfer from
M1 and M2 occur in two steps. Electron from M1 tunnel to the Acceptor
(A0−) through the barrier, converting it to A−−). Similarly, Donor easily
gives an electron to M2 to become −D+). Thus, molecule is in excited state
(A−− σ−D+). This makes M1 positive and M2 negative. This step is shown
in Equation 3.3.
M1 | A0 − σ −D0 | M2 ET−−→ M+1 | A− − σ −D+ | M−2 (3.3)
In the next step, the molecule returns to the ground state (A0 − σ −D0) by
an intermolecular inter-valence transfer (IVT). This step is shown in Figure
3.7 b-c and Equation 3.4.
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M+1 | A− − σ −D+ | M−2 IVT−−−→ M+1 | A0 − σ −D0 | M−2 (3.4)
In the reverse bias, autoignition of the molecule occurs. i.e. an electron from
the donor is internally transferred to the acceptor.
M1 | A0 − σ −D0 | M2 IVT−−−→ M+1 | A− − σ −D+ | M−2 (3.5)
Then the molecule relaxes to the ground state by transferring the electrons to
electrodes by elastic tunneling as shown in Figure 3.7 d-f.
M+1 | A− − σ −D+ | M−2 ET−−→ M+1 | A0 − σ −D0 | M−2 (3.6)
Rectification occurs if step indicated by Eqn 3.3 is more likely than the one
indicated by Eqn 3.5.
3.2.2 Rectification due to Asymmetric coupling
In Ratner model, rectification arises from the asymmetry in the molecule.
Asymmetry in coupling to the electrode can also result in rectification. In 2002,
an another model based on asymmetric coupling was proposed by Kornilovitch
et.al. [69]. This model based on the spatial asymmetry of the molecule in
the molecular junction and attains a high rectification ratio (∼ 500). Un-
like the Aviram-Ratner model, this theoretical model requires only a single
molecular-level. Scheme of the proposed molecule is shown in Figure 3.8(a).
This molecule posses a central phenyl group. Two saturated groups with dif-
ferent lengths separate phenyl group from electrodes. This asymmetric spacer
results in an asymmetric voltage drop across the molecule. The larger voltage
drop is across the longer spacer group and the smaller voltage drop is across
small spacer group.
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Figure 3.8: (a) Structure of the molecule of an asymmetric tunneling bar-
rier molecular rectifier HS−(CH2)m−C6H4−(CH2)n−SH. LLeft and LRight
indicate the insulating spacer group connecting molecule and thiol (SH) an-
choring group. (b) Energy-level diagrams of the system when the molecule
is connected between two metal electrodes,(c) forward bias condition (d)
reverse bias condition. Plots adapted from from [69]
Energy level diagram of the molecule in the metal junction is shown in Figure
3.8(b). In the forward bias condition (see Figure 3.8(c)), the voltage applied
on electrodes causes adjustment of LUMO of the molecule with Fermi level.
This alignment of the LUMO with the Fermi level depends on the voltage
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drops which in turn depends on the ratio of lengths of the spacers. When
the Fermi level of the right electrode is aligned, with the LUMO, the current
passes through the junction. In reverse bias, it requires more energy to move
an electron from the left electrode to LUMO of the molecule. Asymmetry in
voltage drop causes rectification. This can be explained using a single level
model.
3.2.3 Single Molecule Diode Experiments
Molecule proposed by Ratner was a theoretical one, often mentioned as “Gedanken-
moleka¨l” and was never synthesized. The first demonstration of a molecu-
lar diode was reported in 1997 [68]. They observed rectification in a Hex-
adecylquinolinium Tricyanoquinodimethanide films produced by Langmuir -
Blodgett techniques. This was based on Donor-pi-Acceptor system rather than
Donor-σ-Acceptor system predicted by Ratner. The ground state of this Zwit-
terion1 is D+ − pi −A− and excited state is D0 − pi −A0.
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Figure 3.9: Scheme showing Rectification in Zwitterion Molecule. (ET-
elastic tunneling, IVT- intramolecular intervalence electron transfer) Figure
adapted from[68].
1 Zwitterion is a neutral molecule with a positive and a negative electrical charge
60 Chapter 3 Molecular Rectifiers
When the system is forward biased, the process can be explained in two-step
as shown below,
M1 | D+ − pi −A− | M2 IVT−−−→ M1 | D0 − pi −A0 | M2 (3.7)
here M1,2 represents the metal electrodes. In the first step, acceptor part
transfers an electron to Donor through intra-molecular inter-valence electron
transfer (IVT) process (Fig 3.9.a).
M1 | D0 − pi −A0 | M2 ET−−→ M−1 | D+ − pi −A− | M+2 (3.8)
In the next step, these electrons are transferred to the metal electrodes, by
elastic tunnelling, to attain the ground state, i.e. D+ − pi −A− (see 3.9.b,c).
In the reverse bias condition, electron from the metal electrode, M1 is trans-
ferred to the donor and electron from acceptor to M2. The molecule is in an
excited state.
M1 | D+ − pi −A− | M2 ET−−→ M+1 | D0 − pi −A0 | M−2 (3.9)
Then an electron from the acceptor is transferred to the donor through IVT
to attain ground state. (see 3.9.e,f)
M+1 | D0 − pi −A0 | M−2 IVT−−−→ M+1 | D+ − pi −A− | M−2 (3.10)
The system will rectify if the step involved in the forward bias (Equation
3.7)are readily available compared to those involved in reverse bias (Equa-
tion 3.9). Metzger demonstrated that zwitterionic hexadecylquinolinium tri-
cyanoquinodimethanide satisfies this condition and shows rectification when
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it is connected between gold electrodes. They also developed cold gold evapo-
ration technique to deposit top-gold electrode for contacting molecules. Rec-
tification - Ratio (RR) for this molecule varied from 2.4 to 26.4. Figure 3.10
shows the structure of the molecule and rectification observed on the molecule.
Figure 3.10: IV plot showing rectification in Hexadecylquinolinium Tri-
cyanoquinodimethanide. Inset displays the structure of molecule [68].
Few years later, first Donor-σ-Acceptor Model diode was synthesized by mikayama
et. al. [70]. This molecule is a long chain alkyl derivative with a dinitrobenzene
moiety (acceptor) and a dihydrophenazine moiety (donor) which is bridged by
a methylene group (σ group). Langmuir - Blodgett films of this molecule is
photosensitive and shows a rectification ratio of 3 in the absence of light and
7 in the presence of light.
In 2002 Ng. et. al. observed rectification in conjugated diblock co-oligomers
[71]. STM studies of monolayer and isolated molecule inserted into pre-
assembled monolayers of 1-decanethiol on Au/mica shows rectification ratio of
7 for this monothiol terminated molecule. Jiang et. al extended this work by
synthesizing dithol terminated diblock co-oligomers so that the molecule can
be incorporated between two gold electrodes. The rectification ratio, in this
case, varied from 2-7 [72].
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In the same year Kushmerick et.al examined the rectification in cross wire
junctions. They observed strong rectification in oligo(phenylene ethynylene)
when the connections to electrodes were asymmetric [73].
Elbing et. al. synthesized a molecular rod with a donor and an acceptor unit
that was designed to act as a diode when contacted from two sides. This
molecule can be viewed as two coupled pi system and measured by mechan-
ically controlled break junction (MCBJ) technique yielding as rectification
ratio of 5 [74]. Rectification and stability of diblock dipyrimidinyldiphenyl
molecules with controlled orientation was studied by Diez et al. and reported
a rectification ratio of 2.5 [75].
Until 2010, most of the reported rectification ratio values for the molecular
system was less than 20. In 2009, Nijhuis et. al developed a technique to
measure self-assemble monolayers (SAM) grown on ultra-flat surfaces [76].
Ultra flat surfaces of template-stripped silver supported SAM were measured
using a eutectic alloy of gallium and indium (EGaIn), which is covered with a
skin of gallium oxide as electrical top-contacts. In 2010 they reported a record
RR of 1.3×102 for (SAM) based tunnel junctions [77]. They measured SAM of
ferrocene termini (11-(ferrocenyl)-1-undecanethiol, SC11Fc) using liquid-metal
top-electrodes.
In 2013, Batra et. al. demonstrated that rectification on a symmetric molecule
can be tuned by using asymmetric linker groups [78]. The system they mea-
sured consists of a stilbene molecular backbone with a single methylated linker
at one and a covalent gold-carbon bond at the other end. The Gold - carbon
link is formed in situ through the benzylic trimethyltin functionality. They
were able to tune the coupling between the backbone and gold - sulfur bond
through chemical modification. They could tune rectification up to 4 by chem-
ical modification.
Recently rectification was observed on diamantane- C60 conjugate molecule
by Randel et. al. [79]. Self assembled monolayers of this hybrid molecules
on gold shows a rectification ratio of 20. Meanwhile C60 shows a rectification
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ration of ∼ 2. Figure 3.11 shows the IV curve and rectification of C60 and
diamantane- C60.
a b c
Figure 3.11: (a)Sketch shows the orientation of the diamondoid–C60 on
the gold surface and the direction of forward bias. (b) I-V measurements
over diamondoid - C60(blue) and C60 (orange) molecules. (c) Distribution of
the rectification factors determined at ±2.5 V for Dia–C60 (blue) and C60
(black). Images adapted from [79]
Table 3.1: Comparison of various molecular rectifiers.
Molecule Type Technique RR
Hexadecylquinolinium LB Film Evaporated contacts, 2-26
Tricyanoquinodimethanide STM [68]
(5-(3,5-dinitrobenzyl)-10-octadecyl- LB Film STM 3 - 7
5,10-dihydrophenazine) [70]
bithiophene- bithiazole SAM, STM 7
(diblock copolymer) isolated molecule [71, 72]
phenyl–ethynyl–phenyl rod Single or few Mechanically controllable 5
Molecule Break Junction [74]
oligo(phenylene ethynylene) Monolayer Cross Wire 8
[73]
ferrocene termini (11-(ferrocenyl)- SAM Liquid metal 1.3× 102
1-undecanethiol)SC11Fc) electrode [77]
methylated linker -stilbene- Single or few STM -Break Junction 4
covalent gold-carbon linker Molecule [78]
diamantane- C60 Monolayer, STM 6.5 [79]
isolated molecule
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3.2.4 Molecular Diode: Summary
Following the Aviram - Ratner model (1974) for molecular rectifier many
molecules showing rectification were synthesized. The general characteristic
of these systems are a molecule with Donor and Acceptor moieties connected
by a bridge group (either σ or pi) or sometimes without bridging group ( D-A).
Another model was put forward by Kornilovitch based on asymmetric coupling
of molecule and electrode. Experiments based on asymmetrically coupled sys-
tems also showed rectification. Table 3.1 summarises the main experimental
results on molecular rectifiers. In most cases, RR values obtained for molec-
ular diodes are low compared to that od semiconductor diodes. Moreover,
the RR in semiconductor diodes increases exponentially with voltage. In the
case of molecular diodes, the maximum voltage that can be applied across the
junction is less than 4 V. However, the molecular diodes pushed the size of
the diode to the nanometre scale. The minimum depletion region that could
be achieved for pn junction diode is around half a micron, whereas size of
molecular diode are in the range of few nanometres. Even after 40 years,
the quest for a molecular rectifier device is a hot topic of research. Both the
models proposed for the rectification has been used to explain experimental
results. Even though the exact principle of rectification in the molecules is
still unsolved and is an ongoing debate.
Chapter 4
Rectification in POM and C60
In this chapter, we report our results on single-molecule diode based on in-
dividual polyoxometalate molecule (K12(DyP5W30O110).nH2O ) and fullerene
(C60). We find that the polyoxometalate molecule gives very high current rec-
tification. In this case, we demonstrate that the rectification arises from the
asymmetric coupling of the molecule to the electrodes. We studied the role of
electrode coupling in the rectification. The first section of this chapter deals
with the experimental results and analysis of polyoxometalate based molecu-
lar diode. The second section deals with the rectification in C60 molecule. To
compare the mechanism, same rectification model was applied for C60.
4.1 Rectification in POM
The molecule we investigate is K12(DyP5W30O110).nH2O is a polyoxometa-
late. Deposition method for the molecule is described in the previous section
molecule. XPS and STM studies show that the molecules are stable on Gold
Surface. They are preferably adsorbed on gold step edges.
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Figure 4.1: (a) STM image of molecule at room temperature. Images
shows isolated molecules immobilized at step edges and on the gold terraces
Vb = 1.3V, It = 0.1nA(b) topography a molecule taken on a an isloated
molecule
After imaging the sample, STM tip was positioned on top of the molecule. I-V
characteristics were acquired by ramping the bias voltage while the feedback
was suspended. Typical IV curves consist of 1024 data points acquired in
about 100 ms. Between -1.3 V and +1.3 V, these I-V curves shows a strongly
rectifying behavior with a negligible current for negative voltages and an expo-
nentially increasing current for positive voltages higher than one volt. Figure
4.2 show the IV curve taken on the molecule at ambient condition and low
temperature. Rectification Ratio, RR is defined as the magnitude of the ratio
of the current for positive and negative voltages, RR(V ) = −I(V )/I(−V ).
Rectification ratio taken at high voltages (Vb > 1.2V ) give very high rectifica-
tion ratio. Rectification ratio as a function of voltage is plotted on the inset
of Figure 4.2 for both cases. RR is over 250 for the measurement done at
ambient conditions. RR is over 600 in the case of low temperatures. Highest
RR reported for a ”single molecule” is for dipyrimidinyldiphenyl molecule[75].
Higher Rectification Ratio is obtained in the case of self-assembled monolayer
(SAM) contacted with liquid metal electrodes (RR ≈ 150) [77]. RR value
obtained for the DyW30 is the highest obtained for a single molecule.
The I-V curves obtained for the molecules can be fitted with Ideal diode equa-
tion with an additional tunnelling contribution. In this phenomenological
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Figure 4.2: Tunneling I-V curve above the molecule at (a) ambient con-
ditions and (b) at low temperatures (T = 350 mK). The thin black curve
indicates the fit to equation 4.2. The corresponding insets show the recti-
fication ratio as a function of voltage. These curves are an average of 20
individual curves.
model current as function of voltage can be expressed as
I = I0(e
V
VT − 1) + ID(V ) (4.1)
The first term of Equation 4.1 corresponds to ideal diode. I0 is the saturation
current, and VT is the thermal voltage of an ideal diode. This is similar
to the Equation 3.1, which is for semiconducting diodes. However, in the
case of semiconducting diodes, VT is a temperature dependent function and
varies. In our case, VT obtained for ambient, and liquid helium temperatures
is same, VT = 0.11±0.02V . This shows that the diode term does not show any
temperature dependence. The second term ID in the Equation 4.2 corresponds
to a direct tunnelling contribution between the two electrodes. The tunnelling
contribution can be written as a cubic function of voltage, ID = AV + BV
3,
where A and B are constants. Fitting the IV curve using Equation 4.1 is
shown in black color in Figure 4.2.
IVs taken on top of molecules shows an onset of current raising at the positive
side (see Figure4.2). This indicates that the LUMO is the dominant level.
68 Chapter 4 Rectification in POM and C60
This is consistent with the electron acceptor character of the POM cluster
[80]. To verify the coupling dependence of the I-V curves was recorded at
different tip- molecule separation. This was done by approaching the tip to
the molecule at 30 pm steps and acquiring I-V curves at each step. As the tip-
molecule separation, s decreases it was observed that for changes in separation
in the range −0.5 nm < ∆s < 0 nm , the I-V curves are almost identical,
scaling with a factor e(−β∆s), with β ≈ 11nm−1. This exponent β is similar
to that corresponding to tunneling on the bare gold substrate in ambient
conditions (see Figure). Further reduction in tip-molecule separation results
in the saturation of the maximal current leading to an exponential decrease
in the rectification ratio RR (Figure 4.3 c and d). This change is related to
tip-molecule contact formation and is consistent with the tip height estimated
from the apparent height of the molecule on the gold substrate (see Figure
4.1b).
For a functional diode not only a high rectification ratio is needed but also
a large enough current. Figure 4.3 c and d shows that currents higher than
100 nA are possible with rectification ratios higher than 100. These currents
correspond to enormous current densities of up to 107 A/cm2, which are many
orders of magnitude larger than those reported for planar molecular junctions
[77], which range from 10−2 to 1 A/cm2.
4.1.1 Results and discussion
A single molecule on an STM junction can be visualized as Figure 4.4a. Equiv-
alent energy level diagram of the metal-molecule-metal junction in STM con-
figuration is shown in Figure 4.4b. The Fermi energy of the metallic leads
is between the HOMO (Highest Occupied Molecular Orbit)-LUMO (lowest
unoccupied molecular orbital) gap of the molecule. Interaction of the metal
electrodes with molecule can lead to rearrangement of Molecular Orbital(MO)
and level broadening of the molecule. As shown in Figure 4.4b, many MOs
Chapter 4 Rectification in POM and C60 69
−1 −0.5 0 0.5 110
−3
10−2
10−1
100
101
102
103
Voltage (V)
C
ur
re
nt
 (n
A
)
a
10−7
10−5
10−3
G
/G
0
b
100
101
102
103
I m
ax
(n
A
)
c
−1 −0.75 −0.5 −0.25 010
0
101
102
103
∆ s (nm)
R
R
d
Figure 4.3: Tip-molecule separation dependence of rectification in a single
molecule junction. (a) A selection of the I-V characteristics acquired as tip-
molecule separations is reduced (linear-log scale). The thin black lines are
a fit to the diode model described by equation 4.1. Each curve has been
acquired in about 100 ms. (b) Low bias conductance (in log scale) as the
tip-molecule separation decreases. (d) Maximal current Imax at V = +1.3
V. (d) rectification ratio, RR. The black points in b, c, d correspond to the
positions where I-V curves have been acquired, the colored points correspond
to the I-V curves in a.
are present in the junction, but not all of them participate in the charge trans-
port. In the simplest case, just one level close to Fermi level of the electrodes.
The Single Level Model is used to describe this situation, where the charge
transport through the molecule is dominated by a single level coupled to the
electrodes. This model is shown in Figure 4.4c. As in the figure, ε0 is the
position of the level with respect to Fermi-level. ΓL and ΓR are the scattering
rates at left and right electrodes respectively. ΓS,T determine the coupling of
the molecule of the respective electrodes.
I-V characteristics of single level model deduced using Landauer formalism[2].
Evoking this formalism, Voltage dependence of Current can be expressed by
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SurfaceTip
ε0ΓT ΓS
a b c
SurfaceTip
Figure 4.4: (a)Cartoon of Molecule in STM configuration forming metal-
Molecule-Metal Junction (b) Equivalent Energy Level Diagram of (a), metal-
lic electrodes are filled states up to the Fermi energy and Molecular Orbitals
form discrete energy levels (c) Single level model: single level located at ε0
is the dominant level (in this case LUMO) close to Fermi level .
I(V ) =
2e
h
∫ +∞
−∞
T (E, V ) [f(E − eV/2)− f(E + eV/2)] dE (4.2)
where f(E) is the Fermi function, and T(E, V) is the energy and voltage depen-
dent transmission coefficient, that is expressed by the Breit-Wigner formula
T (E, V ) =
4ΓSΓT
[E − ε0(V )]2 + Γ (4.3)
where Γ = (ΓS + ΓT )/2. ε0(V ) is the voltage dependent level position. The
voltage drop the molecule - metal junction is determined by the scattering
rate ΓS,T . If the coupling of the molecule to the Tip and Surface is different,
then the voltage drop across junction also varies. This asymmetry can be
taken into account by modeling voltage dependent level position as ε0(V ) =
ε0 + (eV/2)[(ΓL − ΓR)/Γ]. This equation shows that the voltage drop is large
at the electrode with the weaker coupling and vice versa. Figure 4.5 shows
IVs curves calculated using Equation 4.2 for different ratios of ΓS and ΓT .
This figure shows that asymmetric in the coupling to the electrodes can lead
to rectification.
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Figure 4.5: Simulation of IV curves with asymmetric coupling to electrode
using Equation 4.2. T= 300K, ε = 1eV , ΓS = 50meV . Inset shows semi log
scale plot (log (Current) vs Voltage)
In the light of Single Level model discussed, the rectification in the POM
can be modelled based on the asymmetric coupling of the molecule to the
electrodes, tip and surface. In this model, which is sketched in Figure 4.6.a,
considers two conduction paths or channels: a direct channel (from tip to sub-
strate), giving rise to a current ID, and a molecular pathway involving the
electronic structure of the molecule, contributing a current IM . The direct
channel takes into account the coupling between the tip and the substrate,
and can be described via an energy-independent tunnelling rate. It accounts
for the tunnel-like current ID at low voltage. The molecular channel can be de-
fined in terms of a single-level model. Voltage dependence of the current can be
expressed by the equation 4.2. The direct channel involves coupling between
the tip and the substrate, and can be described via an energy-independent
tunneling rate ΓD = pit
2
Dρ(EF ), where tD is the matrix element represent-
ing the coupling between the two electrodes and ρ(EF ) is the local density of
states at the electrodes, which are considered identical [2]. This direct channel
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accounts for the tunnel-like current ID, whose linear part can be written as
ID =
2e2
h 4piΓDρ(EF )V . The molecular channel can be described in terms of
a single-level model [81]. In this model, one presume that the charge trans-
port is mainly through the single molecular level. The level position in the
absence of bias voltage is measured with reference to the Fermi energy and
is represented by ε0. This level corresponds to the lowest unoccupied molec-
ular orbital (LUMO), for ε0 > 0 or to the highest occupied molecular level
(HOMO), for ε0 < 0 and is coupled to the metallic electrodes via energy-
independent tunneling rates ΓS and ΓT , which describe the strength of the
coupling of the molecule to the substrate and to the STM tip, respectively.
These tunneling rates can be written as ΓS = pit
2
Sρ(EF ) and ΓT = pit
2
Tρ(EF )
, where tT (tS) is the matrix element representing the coupling between the
tip (substrate) and the molecule [2].
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Figure 4.6: One-level model with the addition of a direct channel. (a) The
molecule is coupled to the substrate and the tip through tunneling rates ΓS ,
and ΓT , respectively, and additionally tip and substrate are coupled directly
through tunneling rate ΓD. (b) Diagram for voltage drop. The position of
the level with respect to the Fermi level of the electrodes depends on the
applied voltage and the tunneling rates ΓS , and ΓT . (c), (d) Position of
energy level, ε0, and tunneling rates ΓS (circles) and ΓT (triangles), as a
function of tip position. (e), I-V curves obtained from the one-level model
(coloured curves) superposed on the experimental curves (gray curves). The
coloured symbols in (c), (d) correspond to the coloured curves in (e). [82]
To model the variation in the I-V characteristics as the tip approaches the
molecule, we assume that the tip-molecule coupling ΓT and the tip-substrate
coupling ΓD have an exponential dependence on tip-molecule separation, ΓD,
Γt e
(−β ∆s), as expected for tunnelling, while the molecule-substrate coupling
remains constant. When tip makes a good contact with the molecule, the
coupling becomes identical. During this process molecular level, ε0, may also
shift position due to the charge transfer between the molecule and the tip.
Figure 4.6e shows the evolution of the I-V curves according to this model, with
values for and given in Figure 4.6 c and d. In spite of the simplicity of the
model that does not take into consideration level degeneracy, the proximity
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of several molecular levels, etc., the model gives a good semi-quantitative
agreement with the experiment.
Figure 4.7: Variation with tip-substrate separation of the I-V curves on the
bare gold substrate. (a) Selection of the I-V characteristics acquired as tip-
substrate separation is reduced (linear-log scale). The thin black lines are a
fit to a tunnel like current consisting of a linear and a cubic term,I(V) = AV+
BV3, with A and B, constant. (b), (c), (d), Low bias conductance, maximal
current Imax at V = +1.3 V, and rectification ratio, RR, respectively, as the
tip approaches the substrate. From the slope of the low-bias conductance in
(b), we obtain, β = 12.5 nm−1. The I-V curves show very slight asymmetries
and the rectification ratio RR is approximately one independent of voltage.
The black points in b, c, d, correspond to the positions where I-V curves
have been acquired, the coloured points correspond to the I-V curves in (a).
[82]
To compare the variation in the I-V characteristics as the tip approaches the
molecule, the same was repeated on bare gold. Figure 4.7(a) shows the vari-
ation in the I-V as tip approaches bare gold. I-Vs are tunnel-like curves that
can be fitted with a cubic function, I(V) = AV + BV3, where A and B are
constants. The fit is indicated in black colored curves in figure 4.7(a). Con-
ductance vs displacement is plotted in 4.7 (b). β obtained from the slope of
the (b) gives 12.5 nm−1. Rectification ratio obtained for the is, RR =∼ 1.
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Comparing this measurement with the one taken on top of the molecule it is
clear that asymmetry clearly arises from the molecule.
4.1.2 Inversion of rectification
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Figure 4.8: Inversion of rectification as the molecule is transferred from
the substrate to the tip. (a) Cartoon shows the approach of the tip towards
molecule and transfer of molecule to tip (b) STM image before approach
experiment. (c) Cartoon showing the transport through level ε0 when the
molecule is attached to surface (note that Vb > 0) (d) Tunneling I-V charac-
teristic on the molecule in the center of the black circle. (f) Cartoon showing
the transport through level ε0 when the molecule is attached to the tip (note
that Vb < 0) (g) Tunneling I-V characteristic after performing an approach
experiment. The inversion of the I-V characteristic is due to transfer of the
molecule to the tip. (e) STM image after approach experiment. The target
molecule has been transferred to the tip and then lost during scanning. [82]
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The previous section deals with the evolution of IV symmetry with changes tip
- molecule distance. Molecules can be transferred to tip during such vertical
displacement [83]. During some I-Z approaches, the molecule was transferred
to the tip. Cartoon showing Scheme of transfer is illustrated in figure 4.8a. I-V
curve took on top of the molecule also give information of the level contributing
to the tunnelling current [84]. When the molecule is on the surface, electrons
from the tip have access to the single level for bias voltage Vb > 0 (see Figure
4.8c,d). This shows that the LUMO is dominant level. When the molecule is
on the Tip, the is reversed. The electron has access to the level when Vb > 0.
This clearly shows that the asymmetry in the I-V arises from the asymmetric
coupling to the electrodes as described in the model.
4.1.3 Sweeping Molecule
0.1 V
1.5 V
0.1 V
22 nm
a
b
c
Figure 4.9: Effect of bias voltage in imaging DyP5W30O110 polyoxometa-
late molecules deposited on an annealed gold substrate. STM topographic
image starting at the lower left-hand side corner. Initially, a bias voltage of
100 mV was applied to the substrate. At the point marked by the lower ar-
row, the bias voltage was switched to 1.5 V, and back to 100 mV at the point
marked by the upper arrow. At the lower voltage, the molecules are swept
by the tip (as illustrated in a). Only at the higher voltage the molecules can
be seen by the STM tip (b). [82]
Chapter 4 Rectification in POM and C60 77
We also observed that the molecules are swept when scanned at a low bias
voltage. Figure 4.9 shows STM image when the bias voltage is changed during
the scan. STM topography was taken at a lower voltage (0.1 V). Bias voltage
was switched to 1.5 V for a certain time and switched back to low voltage. As
shown in Figure 4.2 current is small for low bias region. The tip will be closer
to the surface and will sweep the molecule as shown in Figure 4.9 (a). At high
bias voltage, there is a sharp rise of current on molecule and tip will detect the
current and move over the molecule (see 4.9 (b)). Molecules are only visible
at high voltage. This also indicated that the molecule is weakly bound to the
surface. I.e., coupling of the molecule with the surface is weak.
4.2 Rectification in C60
For further verification of the molecular rectification due to asymmetric cou-
pling we investigated another molecule. Fullerenes are well-known molecules
in molecular electronics. They are easy to deposit and are very stable on the
metal surface. Randel et. al. reported that C60 shows a rectification of 2
(Iref = ±2.5) when deposited on Au(111) (see Fig 3.11) [79]. We decided to
investigate the role of electrode coupling in rectification on this molecule.
91 nm X 91 nm
Figure 4.10: Large area scan of sample of C60 deposited on Au(111) from
1,2,4-trichlorobenzene (TCB) solution
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The C60 molecules were deposited on the flamed annealed gold surface by drop
casting using 1,2,4-trichlorobenzene (TCB) solution and dried it for several
hours before measuring with STM [84]. The STM images show small clusters
and isolated molecules immobilized at the gold terraces and step edges. After
imaging the sample, STM tip was positioned on top of the molecule. I-V
characteristics were acquired by ramping the bias voltage between -1.0V and
+1.0 V, while the feedback was suspended. Figure 4.11.a show the IV curve
took on the molecule at ambient condition. I-V curves show slight rectification
of 3.5 at 1 V. This value is in good agreement with the value obtained by
Randel et. al. on C60 [79]. Figure 4.11.b shows distribution of the rectification
ratio determined at ±1.0V for C60.
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Figure 4.11: (a) Typical shape of IV measured over C60 molecule (b) Dis-
tribution of the rectification ratio determined at ±1.0V for C60. 77 curves,
(bin size 0.5)
IVs taken on top of molecules shows that the current raising is at the positive
side, indicating that the LUMO is the dominant level. Unlike DyW30, in
this case, other levels also contribute to the conductance. High conductance
observed in the case of C60, (10
−1 G0) molecule compared to that of DyW30
(10−3 G0) is due this reason. However, there exists an asymmetric coupling
in the molecule in STM tunnel junction. To verify the coupling dependence of
the molecule we recorded IVs at different tip molecule distance as described in
the previous section. The tip was approached until a stable contact is formed
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between tip and molecule. Approach curves shows an exponential dependence
(linear in semi-log plot) below (10−1 G0). Tip makes a contact with the
around 10−1 G0. Further approaching tip towards the molecule results in the
saturation of the maximal current leading to a decrease in the rectification
ratio RR (Figure 4.12 c and d). This change in RR is due to tip-molecule
contact formation.
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Figure 4.12: Tip-molecule separation dependence of rectification in a single
molecule junction. (a) A selection of the I-V characteristics acquired as tip-
molecule separation s is reduced (linear-log scale). The thin black lines are
a fit to the diode model described by equation 4.1 (b) Low bias conductance
(in log scale) as the tip-molecule separation decreases. (d) Maximal current
Imax at V = +1.0 V. (d) rectification ratio, RR. The coloured points in b,
c, d correspond to the positions where I-V curves have been acquired, the
coloured points correspond to the I-V curves in a.
Similar to the previous section, we recorded I-Vs as the tip approaches bare
gold. Figure 4.13(a) shows a variation of the variation in the I-V as tip ap-
proaches bare gold. I-Vs are tunnel-like curves that can be fitted with a cubic
function, I(V) = AV + BV3, where A and B are constants. Conductance vs
80 Chapter 4 Rectification in POM and C60
displacement is plotted in 4.13 (b). Rectification ratio obtained for the is, RR
=∼ 1 and clearly shows that the asymmetry is from the molecule - electrode
coupling.
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Figure 4.13: Variation with tip-substrate separation of the I-V curves on
the bare gold substrate. (a) Selection of the I-V characteristics acquired
as tip-substrate separation is reduced (linear-log scale). (b), (c), (d), Low
bias conductance, maximal current Imax at V = +1.0 V, and rectification
ratio, RR, respectively, as the tip approaches the substrate. The I-V curves
show very slight asymmetries and the rectification ratio RR is approximately
one independent of voltage. The coloured points in b, c, d, correspond
to the positions where I-V curves have been acquired, the coloured points
correspond to the I-V curves in (a).
The Single level model was used to model the IV curve. Figure 4.14.a shows the
one- level model (coloured curves) superposed on experimental curves (grey).
Figure 4.14.b shows the tunnelling rates Γ s with respect to tip position.
C60 molecules has better coupling to the substrate. ΓS , 20 meV measured
for the C60 molecule is higher than that of the same observed for DyW30
molecule. Also ΓT is also higher in the case of C60. Hence, this leads to
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reduced asymmetry of the IV curves, i.e. rectification. However, the trends in
the evolution of Gammas with respected to the tip-sample separation is same
for both molecules. This clearly shows that the asymmetric electrode coupling
plays a major role in the observed rectification molecular junctions.
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Figure 4.14: One-level model with the addition of a direct channel. The
position of the level with respect to the Fermi level of the electrodes depends
on the applied voltage and the tunnelling rates ΓS , and ΓT . (a), Position of
energy level, ε0, and (b) tunnelling rates ΓS (circles) and ΓT (triangles), as
a function of tip position. (c), I-V curves obtained from the one-level model
(coloured curves) superposed on the experimental curves (gray curves). The
coloured symbols in a, b correspond to the coloured curves in c.
4.3 Recipe for Molecular Diode
From the above investigation, it is found that the rectification mechanism de-
scribed in this work is due to two factors: (1) Asymmetrical coupling between
molecule and electrodes , ΓT < ΓS , and (2) an asymmetry in the electronic
structure of the molecule. We can also identify the conditions for the simul-
taneous optimization of rectification and current density. To have a current
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steep onset, the coupling of the molecule to the substrate must be small to
avoid level broadening, i.e., ΓS << |ε0|. On the other hand, the coupling to
the tip should be smaller than the coupling to the substrate but not be too
small since that would reduce the current. Thus, ideally a molecular diode
should work in the regime, ΓT < ΓS << |ε0|with ΓT as large as possible. This
implies that the metal-molecule coupling must be moderately asymmetric. In
the present case, this coupling is expected to take place between the LUMO
of the POM and the metallic substrate. Since the LUMO is essentially local-
ized on the metal ions [85] its coupling with the substrate is expected to be
relatively low, thus preventing level broadening. This ideal situation contrasts
with that of fullerene derivatives, as these are pi-conjugated molecules with
accessible p-orbitals at their surfaces, which favors a larger coupling with the
substrate.[86]
4.4 Difference between C60 and DyW30
The One level model was used to explain the rectification in DyW30 and C60.
Even though, the one level model is cannot be perfectly applied to the C60
molecule. The HOMO and LUMO levels of C60 are close the Fermi-level, and
contribute to the electronic transport through the molecule. We have to take
these factors into account while calculating the transport properties. Since
both the level contributes to the transport there will the current in the both
polarities, and that reduces the asymmetry in IV spectra. This in-turn results
in reduction of the rectification ratio in the case of C60 even in the case of
an asymmetric electrode coupling. In the case of DyW30, only one level is
contributing to the transport and yields high rectifications. The other levels
are either far from the Fermi level or less coupled to the electrodes. That
makes the DyW30 an ideal candidate for one level model. This property of
DyW30 combined with asymmetric coupling results in high rectification ratio.
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4.5 Conclusion
In this chapter, we studied the rectification of a polyoxometalate molecule
(DyW30) and fullerene (C60) in the molecular junction using a scanning tun-
neling microscope. We observed that DyW30 single-molecule junctions shows
large rectification ratios (>100) and sustains high current densities (> 105 A/cm2).
This system provides the possibility of scaling down the diodes to nanometer
dimensions. Reduction in the size is around 107 in comparison with first Flem-
ing diode ( Figure 3.1). By investigating the changes in the I-V curves with
the tip-molecule displacement, we showed that the rectification is arising from
the asymmetric coupling of the molecule with an asymmetric molecular level.
Mechanism for rectification was explained based on the single level model.
This was further verified by studying the rectification in C60 molecule and
evolution of rectification with respect to electrode coupling. These examples
indicate that this mechanism of rectification is universal, and can applied to
both inorganic and organic molecules. This result throws light on the rectifi-
cation in molecular diodes and hence will help in the design and development
of fture nanoscale rectifiers.

Part III
Single Molecule Magnets
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Chapter 5
Review of Single Molecule
Magnet
One of the goals of this thesis is to investigate the magnetism in the Sin-
gle Molecule Magnets (SMM) by electronic transport measurements. A brief
introduction to Single Molecule Magnets is given in this chapter. The first
section gives an account on the historical development and theory of the Sin-
gle Molecule Magnets. In the second section, a brief review on experimental
techniques used to probe SMMs by electrical measurements is given.
5.1 Magnetism
Magnetism is one of the oldest phenomenon known to the human civilisation.
Chinese were the first to make a practical use of this phenomenon. They
used magnetic compass made from the lodestone for navigation [87, 88]. In
middle ages, many practical applications of magnetic materials were invented.
However, the explanations for the science behind magnetism was mostly meta-
physical [88].
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The first attempt to describe magnetism based on experimental results was
done by William Gilbert [89]. In 1819, Hans Christian Oersted observed that
an electric current could influence a compass needle. Following this observa-
tion, Jean-Baptiste Biot and Fe´lix Savart quantified this effect by proposing
an equation for the magnetic field generated by the current-carrying wire. Few
years later Michael Faraday reported the converse effect, time-varying mag-
netic flux through a loop of wire can induce a current. Further studies revealed
the relation between electricity and magnetism. circa 1906, J. J. Thomson
discovered the electrons [90]. During the same period James Clerk Maxwell
unified electricity and magnetism through Maxwell equations. Even then, the
actual mechanism behind ferromagnetism remained a mystery. Then Pierre
Weiss proposed a molecular field theory to explain ferromagnetism. Later, the
discovery of the electron’s spin by George Uhlenbeck and Samuel Goudsmit re-
vealed the intrinsic angular moment of electron [91]. These discoveries played
a vital role in developing a theory for magnetism observed in various materials.
Nowadays, the magnetic materials are used in a wide variety of application
such as computers, telecommunications devices, medical imaging system, elec-
tric generators, motors. Especially, the ferromagnetic devices are an essential
part of the electronic industry. Last quarter of the 20th century witnessed a
drive in the research for miniaturisation of devices for improving the compu-
tational power. Following this trend, there were tremendous efforts to make
miniature magnets as well. However, the miniaturization of the magnets below
certain size is not possible.
One approach to overcome the size limitation is by using functionalized molecules
that can perform roles of the electronic devices, i.e., molecular electronics [92].
Another approach is to exploit the spin of the electron. The devices utilising
the spin degree of freedom are called the spintronic devices [93]. Molecular-
Spintronics is the combination of spintronics and molecular electronics [94].
Single molecules magnets are promising candidates for molecular-spintronics.
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5.1.1 Size Limit and Super-paramagnetism
As mentioned in the previous section, one of the main challenges in the elec-
tronic industry is to make miniaturised magnets. The minimum size one can
attain is a single magnetic domain nano-particle. The direction of magneti-
sation in a microscopic ferromagnetic domain is typically aligned along its
easy axes. Due to the magnetic anisotropy of the particle, the magnetic mo-
ment has two stable positions that are separated by an energy barrier, E and
antiparallel to each other as indicated in figure 5.1.
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Figure 5.1: Anisotropic energy barrier of a super-paramagnetic particle.
The particle has the lowest energy when its magnetic moment is parallel or
anti-parallel to the easy axis (As shown in the figure 5.1). Meanwhile, the
magnetisation perpendicular to the easy axis has higher energy. The energy
barrier (U) separating the low energy configurations is proportional to the vol-
ume (V) of the particle, and is given by the formula U = KV , where K is the
magnetocrystalline anisotropy constant of the particle. At low temperature,
the particle will be in one of the lower energy configurations. When the size
of the particle is lesser than 10 nm, the energy barrier is comparable to the
thermal energy, kBT and this thermal energy sufficient to flip the lower energy
configurations.
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Ne´el proposed that the time required for flipping of the magnetisation between
the two configurations follows an Arrhenius behaviour and can be expressed
by [95]
τ = τ0exp
(
U
kBT
)
(5.1)
where kB is the Boltzmann constant, and T is the temperature. The blocking
temperature is characterised by the temperature at which the relaxation time
is equal to the time of the measurement. This criterion sets the limit for
the thermal stability of the ferromagnetic material as a memory device, and
is typically referred as super-paramagnetic limit [9]. For the stability of a
magnetic bit for practical operation the blocking temperature of the particle
should be of the range of room temperature.
5.1.2 Single Molecule Magnet
Single Molecule Magnets are molecules that show slow relaxation of the mag-
netic moment at low-temperature [28, 96]. These molecules are usually coordi-
nation complexes with one or more metallic ions. Magnetism in these systems
are due to the high-spin ground state of the molecules. These molecules are
smaller compared to the single domain magnetic nanoparticle. Single Molecule
Magnet behaviour in a molecular system was first observed by R. Sessoli et
al. in [Mn12O12(OAc)16(H2O)4] (usually abbreviated as Mn12Ac) [97, 98].
Figure 5.2a shows crystal structure of Mn12Ac.
This molecule has 4 MnIV ions in the inner core forming a tetrahedron and
8 MnIII ions forming an outer octahedron ring. These Mn atoms are inter-
connected by oxide ions. MnIV has a magnetic spin of 2, and MnIII has a
magnetic spin of 3/2. Mn atoms in the same oxidation state is linked by
Super-exchange coupling through oxygen. Meanwhile the MnIII and MnIV
are coupled electromagnetically. This lead to a total ground spin state of 10
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Figure 5.2: (a) Crystal structure of [Mn12O12(OAc)16(H2O)4], Colour
code: MnIV - dark blue, MnIII - blue, Oxygen - red, Carbon- grey. [100] (b)
Hysteresis loops of single crystals of Mn12Ac SMM at different temperatures.
Hysteresis loops exhibit a series of steps due to resonant quantum tunnelling
between energy levels[28]
(8×2−4× 32 = 10). This molecule has a uni-axial anisotropy due to the Jahn-
Teller distortion1. This uniaxial easy-axis anisotropy combined with a small
transverse anisotropy produces a potential barrier separating the spin-up and
spin-down states. The large spin ground state arising from the intramolecu-
lar exchange interactions and magneto-anisotropy results in SMM behaviour
in the molecule [99]. The system behaves like a superparamagnetic particle.
These molecules also shows the Arrhenius behaviour (as expressed by Equa-
tion 5.1) for temperature effects. J. R. Friedman et al. verified the magnetism
in SMM by conducting the magnetic hysteresis studies on crystalline Mn12Ac
[101]. Apart from thermal relaxation, SMMs can also relax magnetisation by
the quantum tunnelling of spin states. This coherent process is known as the
quantum tunnelling of magnetisation (QTM). Friedman el al. also observed
the QTM during magnetic hysteresis measurements.
1Jahn–Teller effect: A system with a single electron (or hole) in a degenerate level will
tend to lower their energy by distorting the crystal environment [9].
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Figure 5.3: Schematic representation of the double-well potential of a
MnAc. The vertical line shows splitting of the S = 10 ground state to 21
states(2S+1). (b) The scheme shows changes in the energy level diagram
for a non-zero field H 6= 0. Resonant magnetisation of tunnelling takes place
when the levels are matched
The Hamiltonian for a spin-system with spin S and uni-axial anisotropy, in
the absence of an external magnetic field, can be expressed by [88],
H = −DS2z (5.2)
where, D is the zero-field splitting parameter (D > 0)and Sz is the component
of spin(S). The lowest energy states of the system is then given by m = ±S.
The height of the barrier is U = −DS2, for integer spin and U = −D(S2 −
1/4), for half-integer spin. Figure 5.3a shows the example of the double well
potential in the case of Mn12 SMM where S=10. When a magnetic field
applied to an anisotropic spin system in the z direction, the levels of the double-
well potential shifts. The Hamiltonian Eqn 5.2 in presence of a magnetic field,
H takes the form
H = −DS2z + gµBHSz (5.3)
Here µB is the Bohr magneton and g is the Lande tensor. This applied field
leads to a degeneracy of the levels with ±m. The levels with m < 0 shows an
increase in energy and those with m > 0 decrease in energy. At a certain field,
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the levels on both side matches and tunnelling occurs between these matched
levels. This crossing occurs at Hz = nD/gµB, with n=0,1,2,3, etc. Schemat-
ics showing Resonant Tunnelling of Magnetisation is showed in Figure 5.3b.
Thus, the QTM opens an additional channel for the relaxation of magneti-
sation and results in the occurrence of characteristic steps in the magnetic
hysteresis loops of SMMs. The step positions are related to the QTM levels
(see Figure 5.3). This result shows that the SMMs can act as a magnetic par-
ticle exhibiting magnetic hysteresis loops similar to magnets and show slow
magnetic relaxation below their blocking temperatures. For this reason, SMMs
are considered as promising candidates for the applications such as quantum
computing, high-density magnetic data storage, etc.
5.1.3 Single-ion Single Molecule Magnet
The first studies on molecular magnets were based on molecules with many
ions. Recently, another class of Molecular Magnets called single-ion single
molecule magnet, in which there is only one magnetic ion inside the molecule,
were synthesized. The f-shell elements are typically used as the magnetic ion
in these systems. The first of single ion SMM was synthesised by Ishikawa et
al. in 2003 [102]. This compound was a bis-phthalocyanine complex in which
a Tb ion is sandwiched between two phthalocyanine blocks.
In this complex, magnetic anisotropy arises from the splitting of the J ground
state of the Lanthanide(3+), (LnIII) subjected to the crystal field (CF) of
the molecule, which results in splitting of (LnIII) with large |MJ |. Another
group of molecule used obtain single -ion SMM are polyoxometalates. First
polyoxometalate based single ion SMM, [ErW10O36]
9−, was synthesized by Al
Damen et al. in 2008 and has similar crystal field symmetry parameters of
bis-phthalocyanine [35].
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5.1.4 Single ion Lanthanide in Molecule
Lanthanides (Ln) are elements occupying 4f block of the periodic table. Elec-
tronic configuration of a lanthanide group element is [Xe]6s24fn, where [Xe]
represents the configuration of Xenon. The most common oxidation state of
a Lanthanide is 3+, (LnIII) which is attained by losing two 6s and one 4f elec-
tron. Electronic configuration of LnIII ion is [Xe]4fn−1. In Lanthanides, 5d
electrons shield 4f electrons. The rules for obtaining a ground state multiplet
of the LnIII ion is determined by Hund’s rule [103, 104]. The rules are:
1. The largest spin multiplicity : The term with maximum S lies lowest in
energy (Σims,i = MS → S) ,where ms is quantum number corresponding to
the projection of values of S
2. The largest orbital multiplicity : For a given spin multiplicity, the term
with highest L lies lowest in energy (Σiml,i = ML → L), where ml is quantum
number corresponding to the projection of values of L
3. Hund’s third rule : For less than half-filled sub shells (n ≤ 2l + 1), the level
with the lowest value of J lies lowest (J = |L − S|). For a sub-shell is more
than half full (n > 2l + 1), the highest J lies lowest, i.e. (J = |L+ S|).
The forces that act on 4f electrons in a free Ln ions are - nuclear attraction,
inter-electronic repulsion and spin-orbit coupling. In this case, Hamiltonian
can be written as
Hion =
n∑
i=1
(
−Z
′
ri
− 1
2
∆i
)
+
n∑
i 6=j
1
rij︸ ︷︷ ︸
H0
+λ.
−→
L .
−→
S︸ ︷︷ ︸
HSO
(5.4)
The first term in H0, represent Hamiltonian for a multi-electron system with
n f-shell electrons in the presence of screened nucleus charge Z ′. Second term,
in H0 represents repulsions between electrons. HSO is Spin-Orbit Interaction
term. λ, Spin-Orbit coupling constant, is positive for less than half fill and
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negative for more than half filled shells. Due to the spin- orbit interaction,
energy levels further split into 2S+1ΓJ levels each with a multiplicity of (2J +
1) 2.
5.1.5 Crystal fields
When an ion is placed in a molecule, the electronic charge distribution ρ0(r)
interacts with the surrounding charges in the crystal through Coulomb inter-
actions, and this interaction is called crystal field interaction. This crystal field
interaction results in the quenching of orbital angular momentum and creates
single-ion anisotropy. The potential φcf (r) produced by the distribution of
charge ρ0(r
′) outside the ion is given by [9]
φcf (r) =
∫
ρ0(r
′)
4pi|r − r′|d
3r′ (5.5)
The total Hamiltonian in the case of an ion placed in a solid is expressed by.
H = H0 +HSO +Hcf (5.6)
This Equation is similar to the Equation 5.4, but with an additional termHcf
(crystal field)
Hcf =
∫
ρ0(r)φcf (r)d
3r (5.7)
For a Lanthanoid ion, the crystal field is shielded by the 5d electrons. Hence
HSO is stronger in than Hcf in the case of 4f elements. In the case of d shell
ions Hcf is stronger than HSO.
2Here 2S+1ΓJ is general notation to represent multiplets. Γ = S, P,D, F.... corresponds
to L = 0,1,2,3,...
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The interaction energy εa of a lanthanide ion with electron density p4f in
crystal field φcf (r) is given by
εa =
∫
eρ4f (r)φcf (r)d
3r (5.8)
In the equation 5.8, ρ4f can be expanded using spherical harmonics and ex-
pressing the electrostatic interaction in terms of the 2n-pole moments of the
φcf , where n is even. The quadrupole moment term (n=2) can be expressed
by
Q2 =
∫
ρ4f (r)(3cos
2θ − 1)r2d3r. (5.9)
The sign of Q2 determines the shape of the 4f electron cloud. When Q2 > 0, it
results in prolate, and when Q2 < 0 it results in oblate shape. The higher order
terms Q4, Q6, etc determine the charge distribution of the 4f. The crystal field
Hamiltonian , Hcf can be expressed in terms of angular momentum operators
as [9] .
Hcf =
∑
k,q,i
Bkq Oˆ
k
q (i) (5.10)
where Bkq = θq < r
n
4f > A
k
q are ligand field parameters (θq is a constant) and
Oˆkq are Steven’s operators. The running number k must be smaller than 2l and
even, while q from -n to +n. Due to this interaction energy levels splits further.
Kramer’s theorem states that, if J is half-integral (Kramer ion), crystal field
results in obtaining Kramer’s doublets | ±MJ >. If J is integral, then it obtains
a | ±0 > singlet and other doublets. For the f shell elements, where k=2,4,6 ,
the equation 5.10 can be expressed as [10]
Hcf =
∑
k=2,4,6
+k∑
q=−k
ak(1− σk)Akq 〈r〉Oˆkq (5.11)
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where the ak s are the Stevens coefficients α, β and γ for k = 2, 4, 6 respectively.
σk s in the Equation 5.11 are the Sternheimer shielding parameters of the 4f
electronic shell.
The Akq are determined by using the following parameter [10]
Akq =
4pi
2k + 1
ckq(−1)q
N∑
i=1
Zie
2Yk−q(θi,ϕi)
Rk+1i
(5.12)
here Ri, θi, ϕi specifies the polar coordinates of the point charge Zi repre-
senting the ith ligand linked to Lanthanide and e is the charge of electron.
The lanthanide is assumed to be positioned at the origin of the coordinates
system. ckq is the numerical factor relating spherical harmonics Yk−q and the
Stevens operators.
5.1.6 External Magnetic Field
External magnetic fields can also interact with spin moments. This interaction
results in splitting of degenerate levels. This effect is called Zeeman effect.
Zeeman Hamiltonian for the magnetic moment in the presence of a field B can
be written as
HZ = (µB/~)(Lˆ+ 2Sˆ).B (5.13)
where g is the Lande´ g-factor, µB = 5.788×10−2meV/T is the Bohr magneton.
Zeeman Splitting of Karmer ion (S=3/2) is shown in Figure 5.4a. Its has four
degenerate levels. Meanwhile non-Karmer ion (S=2) has 5 (2S+1) degenerate
levels, one singlet | 0 > and four other levels.
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Figure 5.4: Zeeman Splitting of (a) Kramer ion (S=3/2) and (b) non-
Kramer ion (S=2)
5.1.7 Diffrence between d shell and f shell ions
The SMMs are mostly made based on the 3d and 4f shell elements. However,
the dominant effect causing magnetic anisotropy in these two groups varies.
Table 5.1 show the magnitudes of energy terms in the Hamiltonian (expressed
by equation 5.6) for 3d and 4 f ions,
H0 HSO HCF HZ
3d 1− 5× 104 102 − 103 104 − 105 1
4f 1− 6× 105 1− 5× 103 ≈ 3× 102 1
Table 5.1: The table shows magnitude of relevant magnetic energy terms
for 3d and 4 f metal ions (Energy is expressed in K). Zeeman term is calcu-
lated for 1 T [9]
For 3d ions, the orbital moments are largely quenched due to the strong crys-
tal field interactions. Meanwhile, 4f ions have larger spin–orbit coupling en-
ergy compared to the crystal field splitting that results in unquenched orbital
moments, which in turn leads to the high magnetic anisotropy observed in
lanthanides.
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5.1.8 Criteria for f-element single-molecule magnets
In 2011, Rinehart et al. identified two essential requirements to be followed
while designing f-element single-molecule magnets [105].
(1) The ground state should be doubly-degenerate and of a high magnitude mJ
quantum number.
(2) a large separation between the bistable ground ±mJ state and the first
excited ±mJ state. .
Double- degeneracy guarantees a bi-stable ground state, which is essential
for obtaining SMM. High mJ quantum number helps in maintaining high
magnetic state at ground level. The second condition, i.e. the large separation
between excited state, ensures slow relaxation of spin.
Rinehart et al. also investigated the role of the free-ion electron densities of 4f
elements and how it is affected by various ligand configuration. Quadrupole
approximation of 4f shell three types of electron density distribution - prolate,
oblate and isotropic. Prolate and Oblate have high asymmetry. Molecule
holding the ion should be designed in such a way that the crystal field produced
by the molecule should increase the anisotropy of the ion. For an oblate ion,
ligand electron density should be concentrated above and below the xy plane
and for prolate, it should be equatorial.
Dysprosium (Dy) is one of the most used shell element to synthesize SMM.
The atomic number of Dy is 66 and the electronic configuration is [Xe]4f106s2.
In the 3+ oxidation state, electronic configuration changes to [Xe]4f9. The
Dy(III) ion has an oblate electron density of state. In this case, the ground
state electronic configuration can be written as
0 +1 +2 +3-3 -2 -1
Dy3+ 4f9
S = 5/2 L = 5 J= L + S =15/2 6H15/2
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This scheme yields J =15/2, which is represented by 6H15/2. Dy has all the
essential qualities proposed by Rinehart et al.. (1) It is a Kramer ion, (2) large
magnetic moment ground state 6H15/2, (3) Its has oblate shape with significant
anisotropy. If Dy is placed in a suitable ligand field that increases anisotropy,
then it will behave as a SMM. Figure 5.5 shows electronic structure of Dy(III)
ion in an ideal crystal field.
Figure 5.5: Low energy electronic structure of the Dy(III) ion with se-
quential perturbations of electron-electron repulsions, spin-orbit coupling,
and the crystal field [106]
5.2 Electronic Transport Measurements on SMM
In past ten years, many molecules were reported to show SMM behaviour. De-
tailed review on these molecules are available in Friedman [107], Craig [108]
and Gao [109]. Most of these observations were done by conducting magneti-
zation measurements in powdered samples or single crystals. Electronic trans-
port measurements across the molecule in can be used to probe the spin states
of the molecule. These spin dependent experiments of the charge transport at
single molecule level is essential for achieving electrical detection and control
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on magnetism in SMMs [28]. However, transport experiments on individual
SMMs are less explored. To conduct electrical transport studies, the molecules
have to be anchored to the electrodes in a controlled manner. The effect of
electrodes on the magnetic properties of SMM also need to be investigated.
5.2.1 Inelastic Spin FlipTunnelling spectroscopy
In the experimental section (1.1.4), we discussed about inelastic tunnelling
spectroscopy (IETS). This section describes the use of IETS to detect mag-
netism in atoms and SMMs, especially in a STM configuration. Figure 5.6
shows the scheme of Inelastic spin flip tunnelling spectroscopy in the STM
set-up. In 2004 Heinrich et al. [110] experimentally demonstrated that STM
based Inelastic Tunnelling Spectroscopy can be used to probe magnetism of
single atom. They observed spin-flip transitions on individual Mn atoms de-
posited on an ultra-thin insulator islands on a metal surface. At low bias
voltages, tunnelling is elastic since the electrons do not have enough energy to
excite atoms from lower energy state to higher energy state. An external mag-
netic field splits the ground levels into Zeeman levels with ∆ = gµBB, where
g is gyromagnetic ratio, µB is the Bohr magneton and B is the magnetic field.
non- magnetic 
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non-magnetic substrate 
SMM
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a b
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Figure 5.6: (a) Scheme of the IETS STM tip and aSingle Molecule magnet
on a metal substrate. (b) energy level diagram showing inelastic tunnelling.
(c)shows inelastic spectra.
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Tunnelling electrons can excite these levels to resulting in spin-flip transition.
Tunnelling electrons with an energy greater than ∆ can flip this spin. This
spin flip opens up an inelastic channel. Total conductance will be the sum
of elastic (σe) and inelastic (σie) terms as indicated in Figure 5.6c. Heinrich
et. al. also observed that magnetism in Mn atom is quenched when the atom
is placed on the bare metal surface (see Figure 5.7d). This quenching is due
to the strong interaction between surface electrons and molecule. To probe
spin excitation of atoms, it has to be decoupled the from the electron sea of
the metal surface. Ultra-thin insulators such as Al2O3, MgO, NaCl,Cu2N ,
etc. have been used to decouple atom from the metal surface [111]. Another
important observation they made is the variation of the gyromagnetic factor
with respect to the position of Mn on the insulating island. The g calculate
from the slope of ∆ vs B is 1.88 and 2.01 for Mn on the edge of oxide and iso-
lated Mn atom on island respectively. This difference in the g value indicates
that the adsorbed magnetic atom is affected by the local interactions. They
also observed Kondo effect on the Mn atom located on the bare metal.
Hirjibehedin etal. further extended STM based IETS technique to investigate
the interaction of individual spins [112]. They made a linear chain of Mn atom
on top of Cu2N (a thin insulating layer) and measured spin excitation by IETS.
They observed that the chain shows an anti-ferromagnetic coupling. The even
numbered chains shows a spin zero ground state while the odd numbered
chains shows a non-zero spin ground state. They also found that the Mn
atoms shows different spectra depending on the position (Cu site or N site).
These path-breaking experiments opened up access to a new regime, use of a
local probe to investigate and manipulate the spin of individual atoms. Follow-
ing this experiments spin of different atoms deposited on ultra thin layers were
studied. Otte etal. [113] studied the spin excitations of a Co atom coupled to
a Fe atom and observed that the Kondo peak in the Co atom is affected by
coupling of Fe atom.
In all these experiments, thin insulating layer plays a significant role. There
have been attempts to measure IETS on atoms deposited on bare metals.
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Figure 5.7: Spin Flip Spectroscopy on Mn. Comparison of Mn atoms
deposited on top of oxide and metal. (a) STM constant-current topography
of a NiAl surface partially covered withAl2O3 (b) Same area after dosing
with Mn. (d) Conductance spectra on the Mn atom on oxide measured at
B = 7 T (black) and B = 0 T (red). The lower curves were measured over
the bare oxide surface. (d) Conductance spectra on a Mn atom on NiAl
(upper curves) and the bare NiAl surface (lower curves). (e) Conductance
spectra for an isolated Mn atom on oxide at different magnetic fields. Solid
lines show fit to the temperature-broadened step model (f) Magnetic field
dependence of the Zeeman energy. Black points are obtained from the fits
in (e), and red points were taken on a Mn atom located at the edge of an
oxide patch. Gyromagnetic ratio g obtained from the linear fits of black and
red lines are 1.88 and 2.01 respectively. Figures from Ref [110].
Depositing atoms directly on metal reduces the lifetime of the adsorbate ex-
citation and lead to broadening of the observed spectrum. Due to this reason
it is hard to observe spin excitations on atoms on bare metals. However, Bal-
ashov et al. measured IETS on Fe and Co atom deposited on bare Pt(111)
[114]. Another difficulty in these measurements are the low efficiency (< 2%)
in producing magnetic excitation by the tunnelling current in the case of Fe
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and Co on Pt(111). Due to this problem, Balashov et al. interpreted the
inelastic part from the second derivative. In 2011, Khajetoorians et al suc-
ceeded in measuring clear IETS on Fe atom deposited on Cu(111) [115]. These
experiments shows that the Inelastic spin-flip spectroscopy serves as an ideal
technique to investigate magnetism at nano-scale and can be employed to
probe SMMs.
5.2.2 Kondo Effect
The Kondo effect is a many body-phenomenon that appears in non-magnetic
metals due to the interaction between a local spin and the surrounding con-
duction electrons [116]. When the temperature of a metal is lowered below the
Debye temperature, the phononic contribution due to the conduction electron
scattering decreases, and results in a reduction in the resistivity. The resis-
tivity of a metal measured at low temperature saturates at a constant value
except for the superconductors. This saturation value is determined by the
impurity scattering and defects in the crystal lattice. The situation is different
when a magnetic impurity is present in the metal. In the presence of mag-
netic impurity, the resistivity of metal increases at low temperature [117, 118].
The resistivity vs. temperature curves show a minimum at low temperature
(Figure 5.8.a).
This anomaly in resistivity of metals was one of the perplexing problems in
physics. The first theoretical model to explain this effect using the perturba-
tion theory was proposed by Jun Kondo, and hence the effect is named after
him [119]. He proposed that the increase in resistance at low temperature is
due to the scattering of the electrons by the magnetic impurities. At high
temperature, the scattering effect of the magnetic impurity on a conduction
electron is negligible. The scattering potential caused by the magnetic im-
purity is small since it flips direction freely. But at low temperature, these
magnetic impurities start aligning and starts interacting with the electrons
and leads to an anti-ferromagnetic coupling between them. These electrons
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Figure 5.8: (a) Resistance of a normal metal decreases as the temperature
of a metal is lowered. Metal that is containing magnetic impurities shows
an increase in the resistance due to the Kondo effect. (b) and (c) depicts
a magnetic impurity in a sea of conduction electrons. (b) The magnetic
impurity weakly scatters the conduction electrons at temperatures above
the Kondo temperature (Tk). (c) At temperatures below Kondo temperature
(Tk), the conduction electrons are screened by the local spin to form a spin-
singlet. The formation of the Kondo screening cloud enhances the effective
scattering cross-section of the magnetic impurity.
have a confined wave-function and will not contribute to the charge trans-
port. This results in the increase in the resistivity as observed. However,
the model proposed by Kondo was only partially successful in explaining the
effect. This is due to the breakdown of perturbation series below a certain
critical ratio of interaction strength to temperature, leading to a logarithmic
divergence that is not physically feasible. This problem is known as Kondo
Problem. This was solved by K. Wilson by applying a renormalization group
method to the Anderson impurity model [120]. The temperature at which the
Kondo systems show minimum resistivity is called Kondo temperature. The
Kondo effect dominates below this temperature. A cloud of conduction elec-
trons formed around magnetic ion collectively screens the magnetic moment
of the ion. This enhances the effective scattering cross section of the ion and
thereby increasing the resistance (see Figure 5.8c). This spatial extent of the
Kondo cloud is called Kondo coherence length.
The advances in nano-fabrication techniques made it possible to probe Kondo
effect at the nanoscale. First experimental observation of single magnetic
moment at nano-scale was done by Gregory [121]. Goldhaber et al. [122]
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observed Kondo effect in a single-electron transistor. Following these exper-
iments, Kondo effect was observed in a wide variety of semiconducting het-
erostructure. In 1998, Madhavan et al. [123] and Li et al. [124] observed
Kondo effect in the magnetic adatoms using STM. This experiments opened
up a new test ground for Kondo system.
These Kondo systems can be described by evoking Anderson single level im-
purity model. In this model, the magnetic impurity is considered as a one
level system with an unpaired electron at the energy level ε0. An unpaired
electron with the spin 12 is present at this level. According to the classical
physics, an electron in this system cannot come out of this level. However,
quantum mechanically it is possible to do that by the exchange mechanism.
The uncertainty principle allows the electron in the level to jump to an exter-
nal electrode for a time scale of ~|ε0| [116]. Meanwhile, another electron from
the left electrode jumps to the level (Figure 5.9.c). The spin of an incoming
electron may be either spin-up or spin-down. Hence, the final state is a co-
herent superposition state of these two events. Many such events take place,
and its combined results lead to the Kondo effect. Due to these processes,
an extra resonance level emerges at the Fermi energy (Figure 5.9.d) and is
called Kondo Resonance. In the single-molecule device, the electron transport
is mainly by tunnelling through a single magnetic site in the junction. In this
case, the scattering couples states the external electrodes and thereby results
in an increase in conductance. This is in contrast with that observed in the
bulk systems [116, 125].
As mentioned above, the Kondo effect appears due to the coupling of the de-
generate local state to electrodes (electron reservoirs). Anderson Hamiltonian
for describing the system can be written as
H =
∑
κσ
εκc
†
κσcκσ +
∑
σ
εσd
†
σdσ +Und↑nd↓+
∑
κσ
(
νκd
†
σcκσ + ν
∗
κc
†
κσdσ
)
(5.14)
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Figure 5.9: Scheme shows Kondo transport mechanism a) initial state, b)
virtual state c) final state.(d) the resulting density of states
The first term in the equation accounts for the electrons in the electrodes,
where κ and σ represents momentum and spin respectively. The second term
describes the localized electrons in the single spin-degenerate state. The third
term accounts for the Coulomb interactions among localized electrons. The
last term deals with the tunnelling between the dot and the electrodes, with
a strength of νκ. By conducting some transformations and approximation on
Equation 5.14, we can obtain Kondo Hamiltonian for a singly occupied state
in the system [125]. Then the Kondo Hamiltonian, Hk can be written as
Hk = Hcond +Hint (5.15)
where the first term deals with the conduction part. The second term deals
with the interaction between the conduction electron and quantum dot/-
molecule, and this can be approximated as an anti-ferromagnetic coupling,
Hint = Jscond.Smoleucle (5.16)
where Smolecule is the spin of the quantum dot (or molecule), s is the sum of
spin operators of the conduction electrons and J is the strength of the effective
spin-spin interaction [125, 126].
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The width of the resonance is determined by the characteristic energy scale of
the with Kondo state which is given by
kBTK =
√
ΓU
2
exp
[
piε0(ε0 + U)
ΓU
]
(5.17)
where, Γ is the coupling strength, and U is the charging energy, e2/C. The zero
bias conductance amplitude observed in the Kondo effect shows a logarithmic
temperature dependence. For a Spin - 12 system temperature dependence of
the linear conductance can be expressed by an empirical formula [2]
G(T ) =
G0[
1 + (21/0.22 − 1)(T/TK)2
]0.22 (5.18)
where G0 = 2e
2/h is the conductance quanta. The situation is different when
there are an even number of electrons. For even electron systems S = 0
(spins are paired) and hence, Kondo resonance is not observed in such cases.
However, Kondo effect can be induced in quantum dots with an even number
of electrons by applying magnetic field [127].
Heinrich et al. observed Kondo effect while carrying out IETS measurements
on magnetic ad-atoms [110]. They observed the Kondo effect when the ad-
atoms were lying on the bare metal surfaces. The Kondo scattering is occurring
at zero energy since the incoming and outgoing electrons are not exchanging
energy in this process. i.e., Kondo is an elastic Spin-flip process. The IETS
taken on adatom on top of thin insulating layer did not show any zero bias
feature. Kondo exchange mechanism can influence the spin flip IETS even
when no Kondo effect is observed in system [128]. Also, the Kondo tempera-
ture is affected by the de-coupling insulating layer [129]. Kondo temperature
measured on the magnetic ad-atom on an insulating layer is lower than that
of same measured on the magnetic ad-atom on a bare surface.
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Figure 5.10: (a) shows the experimental setup schematically (b)Coloured
line shows curves obtained using Fano equation 5.19 for different q values.
When q=0, curve shows a Lorentzian dip that corresponds to direct tun-
nelling, and when q = ∞, curve is a Lorentzian peak is obtained which cor-
responds to inelastic tunnelling. Intermediate values of q result in a tilted
S-shaped curve.
In the case of magnetic ad-atom in an STM tunnel junction, there exist two
tunnelling channels (Figure 5.10), (1) electrons tunnelling through the Kondo
resonance and (2) electrons tunnelling directly to the substrate. In this sit-
uation, scanning tunnelling spectroscopy of the Kondo effect observed using
STM need not appear as a peak. Instead, it appears as a Fano Resonance
[123]. In this situation, the conductance,G(V ) can be expressed using Fano
formulae [130, 131]
G(V ) = Goff +
A
(1 + q2)
(ε+ q)2
(ε2 + 1)
(5.19)
where ε = (eV − εk)/Γ, Goff is the conductance offset, A is the amplitude of
the Fano resonance, q is Fano factor, εk is the energy position with respect
to the Fermi level, and Γ is the half-width of the Kondo peak. The Fano
factor, q determines the line shape of the resonance. The line shape can take
the form of a peak, a dip or an asymmetric shape depending on the values of
q =∞, 0,±1. These lines also give information about the hybridization of the
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two pathways. The presence of the Fano features in these systems makes the
analysis of the Kondo effect complicated.
The Kondo effect has been observed in the SMM systems as well [132–134].
It was also shown that the Kondo effect in the SMM can be manipulated
mechanically [133] or chemically [134]. These results show that the observation
of the Kondo effect helps to understand the magnetism in SMMs.
5.2.3 SMM Spin Valves
SMM
a
b
SMM
Figure 5.11: Figure shows spin valves based on molecular magnets. Grey
arrows indicate the magnetisation direction. (a) Shows the spin valve con-
figuration in which the magnetic source electrode (orange) and the molecule
is aligned in the same direction. Yellow colour marks the diamagnetic drain
electrode. In this configuration, spin-up majority carriers (thick green arrow)
are not affected by the molecular magnetization. However, the spin-down
minority carriers (thin blue arrow) are partially reflected back. Hence, this
configuration has little resistance to current. (b) shows the anti-parallel con-
figuration, the magnetisation of the electrode and molecule are in opposite
direction. The majority spin-up electrons are transmitted partially. Mean-
while, minority spin-down electrons pass unaffected. This configuration has
a higher resistance with respect to the parallel configuration. Figure from
Ref [28]
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In addition to the IETS and Kondo effect, Spin-Valve Effect can also be utilised
to probe the magnetism in the molecular magnets. The spin-valves are elec-
trical devices that are made out of at least two conducting magnetic elements.
Typically ferromagnetic layers are used as the magnetic components. The
electrical conductance through these devices varies depending on the rela-
tive alignment of magnetisation of the magnetic elements [138]. The Single
Molecule Magnet based Spin valve also utilises a similar concept. In this case,
one of the electrodes used to contact the SMM is magnetic (see figure 5.11)
[28]. When the magnetisation of the electrode is aligned parallel to the spin of
the SMM in the molecular junction, then there is an increased current flows
through the junction. Conversely, the current in the junction reduces when the
spins are aligned anti-parallel. This effect also results in the selective transfer
of spin from one electrode to another, and the effect is called giant spin am-
plification [139]. This phenomenon can also be used to detect the spin state
of the SMMs experimentally.
112 Chapter 5 Review of Single Molecule Magnet
5.2.4 Experimental Schemes for SMM
The transport measurements in single molecule magnets are usually done in
two configurations, (1) Two terminal method and (2) Three terminal method.
a b c
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Figure 5.12: Schematic shows three ways to measure the electronic trans-
port across the single molecule magnet, (a) Two Terminal method-typically
two terminal method is done in STM configurations. The tip of an STM
acts as the source and substrate act as the drain electrode. (b) and (c)
shows 3 terminal methods. In the three terminal method, there is a third
electrode (gate) which is capacitive coupled to the molecule. In (b), the
molecule is directly wired to the electrodes, source and drain. Meanwhile, in
(c), a carbon nanotube or graphene is directly wired to the electrodes and
SMM is attached to this intermediate structure. In this method, the spin is
detected by observing the effect of SMM on the current passing through the
nanotube/graphene.
Two terminal method : In this method, the molecule is directly wired between
two electrodes. Commonly, this is done in a STM configuration. The tip and
substrate acts as the electrodes. The STM can image the molecule lying on
the substrate and detect the adsorption geometry of the molecule. This helps
in establishing a precise contact with the molecule. One of the main chal-
lenges in this method is to deposit the molecule on the substrate in a precise
way. Different methods used for depositing molecules is reviewed in the previ-
ous chapter 2. The magnetic properties can be probed by conducting inelastic
spin flip (IETS) measurement on an SMM deposited on substrates using STM.
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Recently, Kahle et al. succeeded in depositing isolated Mn-12 using electro-
spray deposition method and performed IETS measurements on the molecule
[33]. The Figure 5.13 b-c shows the STM image of the molecule deposited
on BN/Rh(111). The ultra-thin layer of Boron-Nitride (BN) decouples the
molecule from the bare metals. Inelastic spin-flip spectroscopy conducted at
1.5 K shows symmetric steps around the Fermi level revealing the spin-flip
transition in the molecule (Figure 5.13 d). Corresponding second derivative
shows dips and peaks. They also observed that the magnetism in the Mn-12
molecule is quenched when it is deposited on a bare metal.
a b c
d
Figure 5.13: (a) Shows the scheme of STM measurement of Mn-12 de-
posited on BN, (b) STM image of the molecules adsorbed on BN/Rh(111) ,
(c) STM image of an individual molecules adsorbed on BN/Rh(111) and (d)
dI/dV spectra and second derivative d2I/dV2 observed on a Mn-12 molecule
adsorbed on BN/Rh(111) surface at B = 0 T (left) and B = 10 T (right).
Clear inelastic spin flip steps are visible in the spectra. Meanwhile, Mn12 on
Au(111) does not show such features (red line in the top left panel). Image
taken from ref [33]
Three Terminal devices: The main disadvantage of two terminal devices is
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the absence of gate electrode to probe the charge states of the molecule. This
problem is solved by placing a third electrode (gate). This three-terminal
method can be classified based on the way by which the molecule is linked to
the source and drain. In direct connection method, the molecule is directly
bound to the source and drain (See Figure 5.12b). The gap between the
source and drain should be of the same size of the molecule. These nanogaps
are usually prepared by electro-migration [141] or by break-junction technique
[142]. These gaps are capacitively connected to the gate electrode. Gate
electrode induces an electric field in the gap to probe the redox state of the
molecule. Charging of the molecule in the gap affects the magnetic properties
of the molecule [94]. Zayazin et. al measured Fe-4 3 SMM using this method
and they observed that the anisotropy as a function of magnetic field [143].
Figure 5.14a shows the scheme of measurement in 3 terminal configurations.
In this method, the current and dI/dV of the molecule is recorded as a function
of the bias voltage and the gate voltage. The current (or dI/dV) is plotted as
a function V (source-drain) and VG (Gate voltage), which results in a 2D plot
(Stability diagram). Figure 5.14b shows stability diagram obtained for the
Fe4molecule. Figure 5.14 clearly displays the evolution of the dI/dV spectra
with changes in the magnetic field for different redox levels of the molecule.
The three-terminal devices prepared by the electromigration techniques are
very stable compared to the STM devices, since the electro-migrated devices do
not have any moving parts. Depositing the molecules precisely in the nanogap
of three-terminal devices is a challenging task. Some experiments use SMMs
with particular anchoring groups to attach the molecule to the electrodes.
One of the recent advance in the three-terminal devices is the utilisation of
the graphene-based electrode as the source and drain [144]. The drawbacks
of this method are 1) the inability to quantify the number of molecules in the
gap, 2) the inability to determine the stability and orientation of the molecule
in the junction. However, these informations can be deduced indirectly by
analysing the stability diagram and the evolution of the spectra with respect
to the field.
3 Fe4 - [Fe4L2(dpm)6] (Hdpm) 2,2,6,6-tetramethyl-heptan-3,5-dione
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d
b
Figure 5.14: (a) Scheme of a three-terminal junction with a single Fe4Ph
molecule bridging two gold electrodes (yellow) on top of an oxidized alu-
minum gate (gray) (b) Stability diagram obtained for the molecule in this
configuration (c) and (d) are dI/dV as a function of V for VG= -1.5 V and
2 V respectively, various magnetic field values. (e) and (f) are excitation
energy as a function of magnetic field for the same VG values as in (c) and
(d). [143]
In the case of the directly linked molecules, the electron transport occurs
mainly through the SMM itself, and this might alter the spin state of the
molecule. In the indirect three-terminal methods, instead of linking the molecule
directly to the electrode, it is coupled to an intermediate structure and the
intermediate structure is wired to the electrodes directly. Most of the charge
transport takes place through the intermediate structure. Typically carbon-
nanotube [145–148] or graphene [149] are used as an intermediate structure.
Molecules are connected to the intermediate group by a covalent or non-
covalent binding [94]. The spin of the SMM is explored indirectly by mea-
suring the influence of the molecule on the properties of the intermediate
structure. The mechanical properties of the carbon nanotubes could be used
to probe the spin of SMM by investigating a bis(phthalocyanine)terbium(III)
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single-molecule magnet attached to a carbon nanotube [147]. This indirect
method also offers the option of attaching more than one SMM to the inter-
mediate part. Urdampilleta et al. utilised this possibility to arrange SMMs
on carbon-nanotube and fabricated a supra-molecular spin valve [145].
a b
c
Figure 5.15: (a) atomic force image of a supramolecular spin valve. Car-
toon displays the detailed scheme of the system. Single-walled nanotube
deposited on SiO2 surface is attached to source and drain electrodes. SMMs
are coupled to the nanotube. (b) Butterfly hysteresis loop at 40 mK for a
nanotube connected to two SMM (c) Shows the scheme of measurements. In
an antiparallel spin configuration, the energy mismatch between levels leads
to a current blockade and in parallel spin configuration, energy levels of the
same spin are aligned and allows passage of current. [145]
.
Figure 5.15 shows the scheme of a supra-molecular spin valve measurement.
The localised magnetic moments of the SMMs affects the electrical transport
through the carbon- nanotube. At low temperatures, these devices exhibit
magnetoresistance. This experiment was the first demonstration of a spin-
tronic valve using molecular [145]. Recently same group used a molecular spin
valve to investigate the coupling between a terbium ion and a radical in a
single TbPc2 complex [146]. The indirect three-terminal method is one of the
fast-developing fields in molecular spintronics.
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In the first two methods described above, the molecules are linked directly to
the electrodes. Experiments in the direct contact methods can be further clas-
sified into two regimes, based on the strength of coupling between molecules
and electrodes, 1) weak coupling and 2) strong coupling [150]. The coupling
is defined by the parameter Gamma Γ, the rate of transfer of charge carrier
from the electrodes to the molecular level. The coupling to the left and right
electrode can be denoted by ΓL and ΓR respectively. The Γ is defined as
the sum of ΓL and ΓR. In the weak coupling limit, the molecular level re-
main sharp. Also, the tunnelling electron spends more time in the molecule.
If Γ << kBT and Γ << coulomb addition energy (e
2/C), then the transport
will be dominated by the sequential tunnelling. Coulomb Blockade is observed
in this regime. In contrast, in the strong coupling regime, Γ >> e2/C, kBT
the levels of the molecule and electrodes are hybridised. In this case, the co-
herent elastic tunnelling is dominant over the coulomb blockade. Sometimes
an intermediate coupling limit existing between these two regimes is also de-
scribed [2]. In the intermediate regime, higher-order tunnelling processes such
as elastic and inelastic co-tunnelling and spin-flip co-tunnelling can occur.
These are the main experimental techniques used for conducting electrical
transport measurements in the SMMs. In this thesis, we focus on the STM-
based methods to probe the magnetism in the molecules.

Chapter 6
Magnetism in DyW30
In this chapter, we investigate magnetic properties of the polyoxometalate
based single molecule magnet K12(DyP5W30O110).nH2O (DyW30). We ex-
perimentally probed the magnetic properties of an isolated molecule by con-
ducting inelastic spin flip spectroscopy at low temperature. The results show
that these molecule preserves magnetism when deposited on a metal surface.
6.1 Introduction and Motivation
In the previous chapter, the major developments and experimental techniques
related to single-molecule magnets (SMMs) were reviewed. The studies on
these nanometer-sized SMMs are of great importance due to its quantum ef-
fects on magnetic properties and long magnetic relaxation times [28]. Early
research on the SMMs was based on polynuclear transition metal complexes
[96]. Lately, Ishikawa et al. demonstrated that the molecules with mono nu-
clear Lanthanide ion can behave as SMM [102]. This compound is based on
the bis-phthalocyanine complex. Following this discovery, Aldamen et. al.
synthesized a new class of single ion SMMs based on Polyoxometalates [35]
that are metal-oxide compounds forming arge poly - anion clusters [80, 151].
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In single ion molecular magnets, the magnetism is arises from the zero field
splitting of gound state (J) of the Lanthanide ion by the crystal field [35]. The
crystal field splitting can stabilize sub-levels with a significant |MJ | value for
certain crystal field symmetries and promote an easy axis of the magnetization
[152]. Most of the Single ion SMMs are based on the anti-prismatic D4d crys-
tal field symmetry. Recently, Cardona-Serra et al. explored the magnetism
in a single ion SMM with 5-fold symmetry [4]. They used POM molecule
[LnP5W30O110]
12− with C5 axial symmetry and observed that the molecule
shows a SMM behaviour for Ln = Dy, Ho.
One of the goals in molecular spintronics is to detect and manipulate the
magnetism of an individual single molecule magnet. The POM molecule
[DyP5W30O110]
12− is an interesting candidate for studying SMM behavior
at single molecule level. The advantage of this POM is that the large non-
magnetic framework will provide an effective magnetic isolation between them
in the solution and solid state [4]. Magnetic susceptibility and heat capacity
measurements carried out on this molecule have confirmed the magnetism in
this molecule. However, these measurements were performed on tiny crystals
and powdered sample. One of the central question about DyW30 is whether
the molecule preserves its structural stability and magnetism when it is de-
posited directly on a metal surface. We address this issue by probing the
magnetism of the molecule on a Au(111) surface by spin-flip spectroscopy
using a Low Temperature STM.
6.2 Preyssler Anion Based Single ion SMM
Preyssler anion, [NaP5W30O110]
14−, is a well known member Polyoxometalate
(POM) family. This new molecule is represented by formula [LnP5W30O110]
12−
(hereafter LnW30), where Ln is Lanthanide ion in 3+ oxidation state (Ln3+
= Tb, Dy, Ho, Er, Tm, and Yb). Figure 6.1 shows the crystal structure of the
[LnP5W30O110]
12−.
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Figure 6.1: (a) Crystal structure of Preyssler anion [LnP5W30O110]
12−,
Ln - Lanthanide. (b) Scheme showing the coordination of the lanthanide ion
in a 5-fold environment. (oxygen- Red colour ) OP - Oxygen atoms linked
to Phosphorus and OW - Oxygen atoms linked to Tungsten. [4]
The molecule posses an Ln ion encapsulated in outer Tungsten-oxide cage.
The central ion is linked to the cage by oxygen ions. There are two type of
oxygen atoms linking the Lanthanide ion, (1) oxygen atoms that are bound
to the phosphorus atom and (2) oxygen atoms that bridging tungsten atoms.
The 5 oxygen atoms linked to phosphorous (OP) have a Ln - oxygen bond
length of 2.7 A˚ and are arranged in the corners of a pentagon. Similarly
5 oxygen linked to tungsten (OW) also forms a pentagon (see Figure 6.1.
b). In this case Ln - oxygen bond is 2.9 A˚. Coordination site in the other
side has a water molecule (indicated by OH in Figure) and has Ln - oxygen
bond length of 2.2 A˚. The Potassium atoms surrounding the molecule acts
as counter cations. Due to pentagonal anti-prism structure, Lanthanide ion
in the molecule is subjected to a C5 coordination symmetry. This makes the
LnW30 molecules different from the previously reported Single ion SMM such
as bis-phthalocyanine, [ErW10O36]
9−), etc which had a D4d symmetry. The
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large POM ligands encapsulating the lanthanoid provides an excellent isolation
to the anisotropic Ln3+ ions in the solid state.
The Crystal Field arising due electric fields effects of the ligands around the
lanthanoid ion splits the electronic ground state (J) free ion into MJ singlets
and doublets. In this case, the LnW30 molecule has a C5 symmetry and
Crystal Field Hamiltonian of can be written as [4].
Hˆ = αA02r
2Oˆ02 + βA
0
4r
4Oˆ04 + γA
0
6r
6Oˆ06 + γA
5
6r
4Oˆ56 (6.1)
where α, β and γ are the Stevens constants, Oˆqk are the operator equivalents
expressed as polynomials of the total angular momentum operators. < rk >
is expectation values of the radial factor rk, and Aqk are ligand shell depended
numerical parameter. A02 is the prominent term that determines the ground
state of the system. In this case of Preyssler ion C5 symmetry in also results
in a large off-diagonal anisotropy parameter ( A56 in Equation 6.1). This leads
to the mixing of magnetic states | J,MJ > with different MJ . The resulting
levels are combinations of various MJ level.
Cardona-Serra et. al. also conducted Magnetic Susceptibility, χm measure-
ments on powdered samples of the DyW30 molecule [4]. They fitted the mag-
netic susceptibility curves to obtain the crystal field parameters. The plot
observed for the Susceptibility is shown in Figure 6.2. The fit for the Crystal
Field Hamiltonian, expressed by equation 6.1, is marked in red colour.
In 2003, Ishikawa et al. proposed a procedure to find the CF parameters of an
isomorphic series of lanthanoid complexes by simultaneous fit of the all χmT
values where they assumed that the CF parameters from thef8 to the f13 will
show a linear variation [153].
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Figure 6.2: χmT data measured on powdered samples of the LnW30 series
under a magnetic field H = 1000 Oe. The red lines are least-squares simulta-
neous fits of all these curves obtained by the method described above using
the CF Hamiltonian. Image from ref [4].
Assuming this condition, the coefficients Aqk < r
k >can be expressed as
Aqk < r
k >= aqk + b
q
k(nf − 7) (6.2)
where nf goes from 8 to 13 when moving from Tb
3+ to Yb3+. Cardona-Serra
et. al. used this procedure to obtain crystal field parameters from the magnetic
data. Even though, the fit and experimental curves show good agreement for
Yb, Tm, Er it shows noticeable deviation in the case of Dy, especially at low
temperature.
Unlike the bis-phthalocyanine and other POMs with D4d symmetry, the A
0
2
parameter of LnW30, have positive and negative value depending on the lan-
thanoid metal present in the core. The sign of this term is determined by the
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ligand interactions of the different oxygen atoms coordinated with the Ln ion.
The interactions of oxygen atom from water molecule (OH) results in a positive
A02 term. Meanwhile, the oxygen, OP , in the pentagonal plane (also termed as
equatorial) results in a negative A02 value. The oxygen atoms (marked by OW)
are farther away from the Ln ion, and their effect is smaller than the other
two types of oxygen atoms. In the case of Tb and Er encapsulated molecule,
the cations move deeper between the pentagons and the interactions results
in a negative A02. This also indicates that the A
0
2 becomes more positive when
the Ln ion is closer to the OH.
Similar to the A02 term, A
0
4 term also shows a deviation from the value obtained
for D4d complexes. In the D4d anti prism complexes, all ligands are placed
equally around magic angle, which leads to a negative A04 term. In the case of
Preyssler ion complex, the closest ligands could be either axial or equatorial.
The value of the A04 term depends on the axial water - Ln distance and the
equatorial pentagon -Ln distance. Another important point to be noticed is
that the reduction of crystal field symmetry from D4d to C5 results in a non-
negligible off-diagonal CF parameters A56. This term leads to the mixing of
different MJ levels. To understand the various allowed transition we calculated
energy level scheme for the molecule in the magnetic field using EASYSPIN
[154, 155]. The J, L, and S of the Lanthanide (III) ions subjected to C5 crystal
field are not good quantum numbers. Instead its is a mixture of state, i.e.,
it is not pure states. It is easily observed that many transition states are
possible in this case. Also, Russell–Saunders selection rules are not strictly
followed in the case of mixed states. The Table 6.1 ground state multiplets and
contribution of mixed states calculated using these CF parameters [4]. This
mixing of levels favours tunnelling process which makes it difficult to observe
the SMM behaviour.
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6.3 Experimental
We deposited the molecule K12DyP5W30O110.nH2O on Au(111) by spray de-
position technique as mentioned in the Chapter 2. We used 10−8 molar solu-
tion to obtain a low coverage sample which is essential for probing individual
molecule. After deposition of the molecules, the substrate was immediately
transferred to the STM. The STM image of substrate is shown in Figure 6.3.
The images show that the molecules does not decompose on deposition on a
gold surface and can be stably imaged at room temperature. The molecules
are found adsorbed on the step edges and terrace of the Au(111) surface. Also,
XPS measure conducted on similarly prepared samples confirms the stability
of the molecule. We know from the previous results that the molecules are
swept by the tip while scanning with negative bias voltages (see Section 4.1.3).
This is due to the rectifying nature of the molecule. Since the molecules are
swept at voltages < +1.2 V, the bias voltage while scanning is set above this
value.
94.2×94.2 nm2
Figure 6.3: STM image: Large area scan of DYW30 molecule on gold
taken at room temperature. (Vb = +1.3 V, It = 0.13 nA)
After charactering the surface at room temperature, the inner vacuum chamber
of cryostat is immediately sealed and cooled down to low temperature. To
minimize the effect of sample contamination we employed the clean cooling
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procedure while cooling down. Details of this procedure can be found in the
section 2.4.
The images were taken after stabilizing the STM at low temperature. Figure
6.4a shows STM image of isolated DyW30 molecules adsorbed on gold surface
taken at 350 mK. This images shows that the molecules are stable and im-
mobile at low temperature. Line profile on top of molecule, marked by doted
white line in Figure 6.4b, is plotted in Figure 6.4c. Apparent height measured
on the molecule at bias voltage of 1.3 V is 0.65 nm.
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Figure 6.4: (a)STM image of DyW30 molecule (V=1.3 V, I = 0.27 nA).
(b) zoom in on image (a), indicated by white square (c) topography of the
molecule along the line indicated in the (b). Sub-figure (d) shows Scanning
Tunnelling Spectroscopy taken on top of molecule
6.3.1 IETS on DyW30
After imaging the molecule, we probed the magnetism of the molecule by
conducting inelastic spin-flip spectroscopy (IETS). As shown in the Figure 4.9,
scanning at low voltage results in sweeping of molecule and we have to apply a
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high bias voltage (> 1.2 V) while scanning. We follow the following procedure
to conduct IETS on molecule. After imaging and locating an isolated molecule,
the STM tip is positioned on top of it. The Current - Voltage (IV ) curves
are taken on the molecule by ramping the bias voltage and recording the
resulting current simultaneously. These high voltage IV curves are taken
at a conductance of ≈ 10−4G0. The high voltage (> 1.2 V) spectroscopy
taken on the molecule is shown in 6.4d. The IV curves obtained are highly
asymmetric and confirms the rectifying behaviours of DyW30. This IVs also
shows that the current at the low bias voltage (±100meV) is negligibly small.
Typically, inelastic Spin-flip signals for the magnetic molecules are small, and
the magnitude is less than 100 meV. We have to switch the voltage to a low
value to conduct the IETS measurements. This voltage switching results in
the movement of the tip towards the molecule. The movement of tip depends
on the set value of the current in the feedback control. Since the current
measured on the molecule is low for small bias voltages, and PID is ON, the
tip approaches towards the molecule till a measurable current is observed.
Typically, these measurements are done in the range between 10−3 G0 and
10−4 G0.
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Figure 6.5: (a) IV and (b) dI/dV taken on DyW30 on gold surface.
Figure 6.5a shows the average of 4 IETS IVs taken on molecule. The numerical
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derivative of the average of these curves gives differential conductance. The
differential conductance is shown in Figure 6.5b. The green and blue curves
corresponds to the ramp up and ramp down of bias voltage. Typically many
voltage ramps are taken at same tip position. Many such sets of IV s are taken
on the molecule. All these curves were averaged and smoothed to obtain Figure
6.6.
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Figure 6.6: Figure shows (a) I-V, (b) dI/dV and (c) d2I/dV2 taken on
DyW30 on gold surface. The spectroscopy was taken at bias voltage, Vb =
100 mV and set current, I = 0.5 nA at temperature, T = 350mK. Magnetic
field, H = 5 T. Figure (a) inset shows schematic of the tip-molecule-surface
configuration. Average of 60 curves
Figure 6.6 shows the filtered inelastic tunnelling spectroscopy measured on
a DyW30 molecule taken at 5 T and 350 mK. The spectra show clear steps
around 22 mV. d2I/dV 2 (Figure 6.6 c ) obtained numerically helps to assign
the position of the step.
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The origin of IETS signal in the molecular junction could be due to the vi-
brational or spin coupling. The electron-vibration couplings are much weaker
than electron-spin coupling, and inelastic signals due to vibrational modes
are around 1 − 2% or even lesser [129, 156]. The change in the conductance
observed in IETS signal of DyW30 is more than 10 %. This strikes out the
possibility of the vibrational coupling and could arise only from the electron-
spin couplings. The possibility of the Coulomb Blockade (CB) can also be
neglected since the energy of the Coulomb blockade is typically high. It is also
worth to note that the IETS signals are not observed in all the molecules mea-
sured. One reason could be due to the absence of the Dy in all the molecules.
I.e., the sample used in th experiment are not 100 % pure. There are molecules
with Na atom instead of Dy atom, and these molecules are non-magnetic. We
observe magnetic feature in 31 molecules and at different fields. 10 of them
shows IETS signals and the rest of them showed Kondo features.
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Figure 6.7: Figures shows evolution of dI/dV on changing the conductance
from 1.15× 10−4G0 to 1.05× 10−4G0
We also observe that the IETS varies with the small movement of the tip.
Chapter 6 Magnetism in DyW30 131
z(nm)
lo
g 1
0(G
/G
0)
−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2
−7
−6
−5
−4
−3
−2
1 2
a
b
cd
Figure 6.8: Figure shows approach and retraction conductance curves for
a bare gold tip on clean area. Curve 1 (curve 2) was taken at a low bias
voltage 0.1 V (1.3 V). Black and blue colour represents approach curve. Red
and Violet colour represents retraction curves
This changes in dI/dV s are shown in Figure 6.7. Due to the low conductance
of the molecule, the tip has to be approached toward the molecule to measure
IETS. Also, the IETS signals measured varies for different conductances. We
conducted conductance vs tip-sample displacement (G − z) measurements to
estimate the distance tip moves during this approach.
At first we measured the Conductance - displacement (G-z) for bare gold. The
G-z was taken by positioning the tip on top of a clean gold area and moving tip
closer to the substrate after turning off the feedback control loop. Figure 6.8
shows curve G-z taken on gold. The G− z s were taken at two bias voltages,
Curve 1 at low bias voltage (0.1 V) and Curve 2 at higher bias voltage (1.3
V). In both case curves shows exponential dependence. The work function
calculated from the slope of curves gives similar values, 3.70 eV for curve 1
and 3.65 eV for curve 2. In the case of curve 1, initially bias voltage is at
a higher value. The feedback loop is turned OFF and voltage is switched to
a lower value before approaching the tip towards the surface. This switching
results in a steep drop in the conductance ( a-b in curve 1). Usually, the
conductance drops to limits of measuring range of current to voltage (IV)
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converter. For this reason there is an increased noise in the low conductance
region (Region close to b).
The switching of the bias voltage while feedback control is ON results in
the displacement of the tip from the initial position. To maintain constant
tunnelling current, the feedback controller moves the tip close to the surface.
The displacement of the tip during this process can be estimated from the G−z
curves in Figure 6.8. Assume that the PID is initially set at a conductance of
10−4G0. For higher bias voltage, 1.3 V, the tip is at a position marked by c
in Figure 6.8. When a voltage is changed to 0.1 V (with feedback ON), the
tip moves towards the surface along c-d to the final position d. In this case,
the tip displacement (c-d) is 0.15 nm.
After measuring gold, we conductedG−z s on individual DyW30 molecule. An
isolated molecule is located by imaging the surface and confirmed by taking
STS on top of it. Since the scanning is done at a high voltage, the initial
bias voltage is high. Bias voltage is switched to a lower value, 0.1 V, before
approaching the tip towards molecule. Figure 6.9 shows typical examples of the
approach and retraction curves taken on isolated DyW30 Molecule. As the tip
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Figure 6.9: (a) Shows conductance curves taken on isolated DyW30
molecules after imaging. Black colour indicates the approach curve and
red colour indicates retraction curves. (Vb = 0.1 V) (b) Shows conductance
histogram for the approach curves and (c) shows conductance histogram of
the retraction curve.
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approaches and makes contact with the molecule, the slope of the conductance
curve changes. This change is due to the elastic deformation of the nano-scale
metallic contacts. This typically occurs between 10−3 G0 and 10−4 G0.The
figure 6.9 b,c shows the histogram of approach and retraction curves of 28 G-Z
curves. A second peak observed in histogram below conductance, ∼ 10−4.5 G0
(see figure 6.9 b) is due to the initial jump to the noisy region and hence can be
ignored. The distance tip moved before making the contact with the molecule
depends on the initial bias voltage. The STS taken on molecule shows steep
increase in current for voltages above 1.2 V (see 6.4d). Hence, the movement
of tip also varies a lot for small variation in initial bias voltage.
The G − z measurements shows that the tip is already in contact with the
molecule while taking IV s, i.e. around conductance 10−4G/G0. We indicate
this regime as soft contact. We repeated the IETS measurement on different
molecules and for different magnetic fields. Figure 6.10 shows dI/dV and
d2I/dV 2 obtained. A large variety of inelastic steps was observed. These
signals are sensitive to the tip-molecule configuration geometry. It is important
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Figure 6.10: (a) Shows IVs taken on molecules at different magnetic fields.
(b) d2I/dV2 spectra corresponding to dI/dV on (a).
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to note that these measurements were carried out in the soft contact with the
molecule. Bringing the tip close to the molecule also affect the crystal field
anisotropy of the molecule. However, in our case the contact with molecule is
unavoidable since the the signal is very weak for lower conductance values.
6.3.2 Calculating the Energy Levels
To further investigate link between the IETS signals and magnetism in the
DyW30, we calculated the Energy Level diagram of the of the molecule for
the applied field. These calculations were done using the EASYSPIN software
package for Matlab [154]. Figure 6.11 show the Energy Level Diagram for
the applied an applied magnetic field. The open circles correspond to the
positions where steps are observed on the spectra (see figure 6.10). The jumps
are calculated from the ground state. We should keep in mind that for this
molecule the MJ s are mixed states. i.e the levels are not pure . Fo this reason,
it is difficult to assign the exact transitions. However, the diagram gives some
information about the range of energy corresponding to the transitions.
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Figure 6.11: Energy level diagram of the molecule as function of applied
field calculated using EASYSPIN. Black open circles indicates the transition
from the lower level measured by inelastic tunnelling spectroscopy.
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Figure 6.12: χm − T data measured on powdered samples of the LnW30
series under a magnetic field H = 1000 Oe. The red lines are least-squares
simultaneous fits of all these curves obtained by the method described above
using the CF Hamiltonian. Image from ref [4]. The blue line shows the curve
obtained by modifying the coefficient of the Stevens constant
The figure 6.11 shows that the transition jumps at the low magnetic field are
within the calculated range of the energy level diagram. Most of the observed
transitions at magnetic field (H > 4T) shows considerable deviation from cal-
culated. The CF parameters for simulating the function was taken from the
reference [4] which they obtained by fitting the magnetic susceptibility data.
This magnetic susceptibility data fitting is shown in the Figure 6.12. The red
line indicates curve fit plotted by Cardona et. al. [4]. This red curves clearly
shows deflection from the experimental values obtained for susceptibility, es-
pecially at low temperature.
To obtain a better fit, we changed the CF parameters. The parameters were
obtained from reference [10]. We changed the pre-factor term to the Stevens
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Operator and varied it to obtain a better fit for susceptibility - temperature
curve. The blue coloured line in the Figure 6.12 shows this modified fitting.
The parameters obtained for this fit is shown in the Table 6.2 (Fit2) . The
new crystal field parameters thus obtained was used to calculate the energy
level diagram of the molecule.
A02 < r
2 > A04 < r
4 > A06 < r
6 > A56 < r
6 >
Fit 1 49.7 43.6 11.3 −1.16× 103
Fit 2 99.4 69.8 18.08 −0.12× 103
Table 6.2: The table shows CF Parameters for the DyW30 molecule. Fit1
shows the parameters for the red curve. Fit2 shows the same for the modified
curve (blue)
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Figure 6.13: Modified Energy level diagram of the molecule in field calcu-
lated using EASYSPIN. Black circles indicates the transition from the lower
level measured by inelastic tunnelling spectroscopy.
The modified crystal field parameters are considerably different from those
values calculated by Serra et. al. [4]. However, the energy level diagram and
χm − T calculated using modified CF calculated are in good agreement with
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experimental results. The recalculated Energy Level Diagram is shown in the
Figure 6.13. The transition jumps obtained from IETS are well within the
range of expected energy level transitions.The important factor in this system
is the A56 term arising from the C5 symmetry of the molecule,which is represent
off diagonal anisotropy term. The value obtained for this term is lower than
the previously calculated one. This indicates that the off-diagonal anisotropy
is lower than the one estimated for the molecule. The reduction in A56 term
will also affect the extend of mixing of the MJ s. However, it is difficult to
estimate the extend of mixing by our experimental technique alone.
6.3.3 Kondo regime
The molecule was further pressed using the tip by increasing the PID set point
conductance ( > 10−3G0). Tunnelling Spectroscopy taken on these pressed
molecules shows Fano like structure at zero bias. Fano line observed at Fermi
level is the manifestation of the Kondo effect. Fano formula can be used
to describe the conductance of a magnetic ad-atom on top of metal surface
[131, 157].
dI
dV
= Goff +
A
(1 + q2)
(ε+ q)2
(ε2 + 1)
(6.3)
where ε = (eV − εk)/Γ, Goff is the conductance offset, A is the amplitude of
the Fano resonance, q is Fano factor, εk is the energy position with respect
to Fermi level and Γ is the half-width of the Kondo peak. Fano factor, q
determines the line shape of the resonance. Line shape can vary from peak,
dip or an asymmetric shape depending on the values of q = ∞, 0,±1. Lines
also give information about the hybridization of the two pathways. Fano fit
for representative curves in shown in black colour in Figure 6.14.
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Figure 6.14: (a) and (b) )dI/dV taken at contact regime (10−3G/G0)
regime shows Fano resonances observed on molecule. Black lines are the
Fano fit for the curves in low voltage regime
The Γ in the equation (1) is related to the Kondo temperature by the formula.
Γ = 2
√
(piKbT )2 + 2(KbTk)2) (6.4)
Γ obtained by fitting the Fano curves is 6.7 mV (average of all fields) and
measurements were carried out 350 mK. Kondo temperature obtained by sub-
stituting these values in Equation 6.4 is 27.5 K. This value is similar to the
Kondo temperature obtained in Dy - Pc2 Single Molecule deposited Cu2N/Cu
using similar technique [158]. The interaction of the magnetic ad-atom spin
with the conduction electrons of metal can change the magnetic state of the ad-
atom. In order to access magnetic states and observe crystal field anisotropy
it is necessary to decouple ad-atom from metal environment. Recently, Oberg
et al. demonstrated that the exchange coupling interaction plays a major role
in this when a magnetic ad-atom is placed in ultra-thin insulator on top metal
[159]. Co atoms deposited on central region of insulating Cu2N showed purely
inelastic tunnelling transitions while the one on the edge of Cu2N islands
showed Kondo peak. They demonstrated that there is competition between
crystal field anisotropy and Kondo effect which in fact determined by the
coupling to metal surface.
Similarly in the case of DyW30, the outer polyoxometalate shell controls the
coupling of the magnetic ion with the electrode. When the tip is far, the
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molecule act as an insulator as seen in the high voltage spectroscopy. Unlike
the case of Cu2N where magnetic atom lies on top of the insulating layer, here
the magnetic atom is buried inside the dielectric. This weakens the strength
of the signal from the magnetic ion when tip is far. As the tip is approaches
towards the molecule, the tip – molecule coupling changes. When the molecule
is in the intermediate coupling, we observe inelastic jump. Further increasing
the coupling leads to an increased exchange coupling and results in Fano like
shape at zero bias. The shape of the Fano is dependent on the q factor as
explained in the section 5.2.2. This shows that the coupling between molecule
and electrodes plays a major role and shape of curve depends on hybridization
of the two pathways arising form this coupling.
6.4 Conclusions
Here we have shown that the magnetism in the polyoxometalate molecule,
DyW30, deposited by spray deposition method can be investigated by using
STM operating at cryogenic temperatures. The STM images show that the
molecule is stable at the cryogenic temperature and can be addressed indi-
vidually. The spin IETS conducted on the molecule shows clear magnetic
signatures indicating that the molecule preserves magnetic on deposition on
a metal surface. The spin transition values obtained from IET spectra are
comparable with the same obtained from magnetisation measurement of the
bulk samples. The emergence of Kondo on pressing the molecule to surface
shows that the coupling of the molecule with the electrodes plays a significant
role in spin dependent charge transport in metal-SMM-metal junctions. This
results obtained during this work gives an insight about the magnetism of
individual molecules on metallic surfaces and pave the way for the addressing
the challenges in the molecular magnetism.

Part IV
Superconducting Proximity
Effect in Graphene
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Chapter 7
Review of Superconductivity
and Graphene
In this chapter, I review the main developments in the field of superconductiv-
ity and Graphene. The first part of this chapter deals with the superconductors
and the proximity effect in superconductors. The second part deals with the
Graphene and proximity-induced superconductivity in Graphene.
7.1 Superconductivity
Superconductivity is a phenomenon, occurring in some materials, in which
the resistivity of the materials drops to zero when it is cooled below a certain
temperature.In this section, I will give a brief introduction to the supercon-
ductivity and the characteristics of superconductors.
7.1.1 How it all started
In 1911, Dutch physicist H. Kamerlingh Onnes and his assistant Gilles Holst
observed that the dc resistivity of the Mercury dropped abruptly to zero when
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it was cooled to a temperature below 4.2 K [160] (see Figure 7.1). This dis-
covery marked the beginning of the Superconductivity. The temperature at
which resistance drops to zero is called critical temperature, Tc. Soon after
this observation they found that the lead and tin also shows superconduc-
tivity, but with a higher transition temperature [161]. The same group also
observed that a sufficiently large magnetic field can restore the material to
its normal state from the superconducting state [162]. Immediately after this
pathbreaking discovery many researchers started looking for new supercon-
ducting materials. In the subsequent years, a lot of metals and alloys were
found to be superconducting. However, superconductivity was not observed in
noble metals such as gold, silver, etc. which usually good conductors of elec-
tricity at room temperature. Niobium shows the highest critical temperature
of all the pure metals (Tc=9.2).
Figure 7.1: Experimental data of the resistance of mercury as a function
of temperature performed by mercury by Gilles Holst and H. Kamerlingh
Onnes. Figure from Ref [5]
In 1933, W. Meissner and R. Ochsenfeld discovered another fundamental prop-
erty of the superconductors, perfect diamagnetism [163]. They observed that
the magnetic flux is expelled from the interior of a superconducting material
Chapter 7 Review of Superconductivity and Graphene 145
when it is cooled below the critical temperature in the presence of a weak
magnetic field.
T>TC T<TC
H H
a b
Figure 7.2: The figure shows Meissner effect, a superconductor cooled
below its transition temperature (Tc) expulse external magnetic field from
its interior. A superconductor (a)at T > Tc, and (b) at T < Tc.
In 1934, a phenomenological theory, two fluid model was proposed by C. J.
Gorter and H. B. G. Casimir to explain superconductivity [164]. This approach
was based on the assumption that there are two components for conducting
electron fluid, normal and superconducting. This model was similar to the
two-fluid model for Superfluids. In 1935, London brothers proposed two equa-
tions based on two fluid model to explain Meissner effect [165]. They described
the expulsion of the magnetic field inside a Superconductors are due to the
presence of supercurrents in the surface, which screens the magnetic field. The
London equations also suggested that the magnetic field inside the supercon-
ductor decays exponentially up to a characteristic distance from its surface,
which is called the London penetration depth, λL.
Later in 1937 Vortices in superconductors are discovered by Shubnikov [166].
This discovery showed that the total expulsion of the magnetic field from in-
side is only true for a particular type of superconductors.The superconductors
exhibiting complete Meissner effect are called Type I superconductors. Eg:
Al, Zn, Hg. In such materials, the diamagnetism completely vanishes at the
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critical field, and it becomes a normal conductor. This transition in the type
1 material is very sharp. In type II superconductor, there are two critical
fields, Lower Critical Field (Hc1) and Upper Critical Field (Hc2). The type 2
superconductors are perfectly diamagnetic below Hc1 and normal conductor
above Hc2. In between these two critical fields, there exists a mixed state, in
which the magnetic field partially penetrates the interior of the superconduct-
ing sample in microscopic filaments called vortices.
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Type IIa b
B = 0; ρ = 0 Meissner stateB = 0; ρ = 0
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Figure 7.3: Figure shows schematics of magnetic field H vs Temperature
T of the type I (a) and type II (b) superconductors. Inset figures shows
magnetization curve for Type I (a) and Type II (b) Superconductors.
7.1.2 Ginzburg - Landau phenomenological theory
In 1950, V. L. Ginzburg and Lev Landau proposed a phenomenological theory
(GL theory) to explain superconductivity based on the theory of Second-order
phase transitions developed by Landau [167]. The state of a body changes
gradually while its symmetry changes discontinuously at the transition tem-
perature. According to two fluid model, there exist superconducting and nor-
mal electrons below the transition temperature Tc. In the GL theory, a order
parameter Ψ(r) =| Ψ(r) | eiθ, where θ is the phase, is used to describe the
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superconducting electrons. The density of probability, | Ψ(r) |2= Ψ(r)∗Ψ(r)
is a measurement of the superconducting electron density, ns at a point r.
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Figure 7.4: Spatial distribution of the magnetic field (H) and the super-
conducting order parameter Ψ along normal-superconducting interface.
According to the Ginzburg-Landau (GL) theory, the characteristic scale over
which variation of order parameter Ψ occur is called Coherence length, ξGL.
Ginzburg-Landau theory, obtained two equations for describing superconduc-
tivity presence of uniform magnetic field
1
2m∗
(ı~∇+ e∗A)2Ψ + β | Ψ |2 Ψ = −αΨ (7.1a)
−j = ∇
2A
µ0
=
ıe∗~
2m∗
(Ψ∗∇Ψ−Ψ∇Ψ∗) + e
∗2
m∗
| Ψ |2 A (7.1b)
Where A is the magnetic vector potential, α and β are the two the phenomeno-
logical expansion coefficients that depend on the material and m∗ = 2m and
e∗ = 2e, the mass and charge of the superconducting electrons, respectively.
These two equations are called Ginzburg-Landau equations, and it describes
the superconducting order parameter and the penetration of magnetic field
into the material in its superconducting state. They solve these equations in
terms of penetration length λ and coherence length ξGL. This solution showed
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that, for certain conditions the magnetic field can enter the material, which
results in uniform distribution of superconducting and non-superconducting
(normal) regions. In this case, the magnetic field is expelled from the super-
conducting region and, meanwhile it passes through the normal regions. This
scheme is showed in the Figure 7.4.
A vast majority of the majority of metallic superconductors are type - I super-
conductor. The magnetization curves of type I and type II superconductors
are shown in the inset of Figure 7.3 . The magnetic field is expelled below
the critical magnetic field Hc. The type I superconductors obeys the empiri-
cal relation Hc = Hc(0)(1 − ( TTc )2). For type - II materials, this is different.
Type II materials have two critical fields (see figure 7.3). The lowest field at
which the at which the field starts to penetrate the material is called lower
critical field Hc1. The field at with a type II superconductor totally becomes
normal conductor is called upper critical field Hc2. GL theory was helpful in
explaining many observed characteristics of the superconductors. However,
the phenomenological theory failed to give a complete picture of superconduc-
tivity.
7.1.3 BCS Microscopic Theory
In an ordinary metal, electrical resistance originates from the interaction of the
electrons with the crystal lattice. What BCS predicted was that under certain
circumstances electron- lattice interactions can lead to superconductivity. The
role of lattice vibration in superconductivity was first predicted by H. Fro¨hlich
in 1950 [168]. In the same year, E. Maxwell found Isotope effect verifying the
predictions of Fro¨hlich
In 1956, Cooper showed that electrons in a solid will always form pairs if
there exist an attractive potential [169]. An electron propagation in a solid
can interact with the positively charged ions in the surroundings and cause a
deformation of the crystal lattice. This deformation causes an excess of posi-
tive charge locally. This local created positive charge attracts another electron
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passing near this region. Thus, a lattice vibration (phonon) mediated interac-
tion generates attractive potential between two electrons, otherwise repulsed.
12
+
e-
Figure 7.5: Schematic showing the formation of Cooper pair by a phonon
mediated electron - electron interaction. The electrons are indicated red
spheres and positive ions in the lattice by gray spheres. An electron moving
in crystal attracts the positively charged lattice ions and generates a region
of excess positive by distorting the crystal lattice. The pale glow in the
figure indicates the positive cloud. Another electron (2) passing nearby is
attracted toward the cloud. The figure is for illustration, in reality second
electron also cause lattice distortion.
In his 1956 seminal paper, Copper showed that these electrons may be con-
sidered as pairs bound by mutual exchange of virtual phonons. The Figure
7.6 illustrates this process. An electron, near the Fermi surface, in a state
k1 emits a phonon q and scatters into a k
′
1 = k1 − q. Another electron in
state ~k2 absorb this phonon and changes to a state k
′
2 = k2 + q. To preserve
the law of conservation of momentum, the process must follow the condition,
k′1 + k′2 = k1 + k2 = K, where K is the total momentum.
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Figure 7.6: (a)Feynman diagram showing electron-electron interaction via
exchange of a virtual phonon of momentum ~q
This interaction could be of attractive or repulsive nature, depending on two
factors - (1) The energy of interacting phonon and (2) The energy difference
between the initial states and final states of the participating electron. When
the phonon exchange energy is greater than the Coulomb repulsion energies,
it results in an attractive potential energy. This pair of participating elec-
trons occupying this phonon mediated bound state is called a Cooper pair. To
achieve a lower energy configuration, it requires a strong interaction between
the Cooper pairs, which is achieved through inter-pair electron transfer be-
tween the pairs. The inter - pair electron transition has maximum probability
when all the pairs have the same momentum. This condition is satisfied when
the total momentum (P = ~K) is zero. Hence, total wave vector K = k1+k2
should be zero. This is satisfied when (k1 = −k2 i.e. (k1 = k & k2 = −k).
This shows that the pair forming electrons should have equal and opposite
momentum. Another requisite for minimizing the energy is that the electrons
forming Cooper pair should have opposite spin. This condition makes the
net spin of Cooper pair is zero. Hence, the Copper pair behaves like a boson
(integer spin particle). These particles can occupy the common ground state.
Later in 1957, Bardeen, Cooper and Schrieffer extended the work of Copper
and proposed a theory for superconductors. This theory was a breakthrough
because it was the first microscopic theory for explaining superconductivity.
This theory predicted an instability of the Fermi surface in the presence of
attractive interaction between electrons. The system forms Copper pairs to
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reduce the total energy. The average distance between the electron pair is
called the coherence length, ξ. The coherence length can be found by mea-
suring the superconductors in the presence of a magnetic field, and the value
obtained is of the order of 100 nm, which is very large comparing the inter -
atomic distance (0.1− 0.4 nm) in crystals. Due to the large coherence length
the copper pair the wave function associated with various pairs overlap. Thus,
the ground state is formed in the case is a result of the coherent superposition
of these Cooper pair wave-function. At T = 0, these copper pairs behave as
bosons and forms a superconducting condensate. The superconducting con-
densation leads to a reduction in potential energy. Thus, the electron pairs
have lower energy and posses an energy gap in the ground state. Hence,
these pairs are unaffected by the collision interactions due to the defects in
the lattice. The energy gap ∆ at the Fermi level in the excitation spectrum
of a superconductor is a characteristic property of superconductor. When
the thermal excitation energy is less than the band gap, the material shows
zero resistivity. The elementary excitation spectrum of a superconductor is
shown in Figure 7.7a. The BCS theory gives an expression for the elementary
excitation spectrum of a superconductor [170]
Ek =
√
∆2 + ε2k ;where εk =
(
~2k2
2m
− ~
2k2F
2m
)2
(7.2)
Where k is the momentum measured with respect to the Fermi momentum.
The Figure 7.7b shows the Ek - k diagram. This clearly shows that an energy
of ∆ is required to excite a Cooper pair to an excited state. Also, the number
of states is conserved during the superconducting state.
NN (εk)dεk = NS(Ek)dEk (7.3)
Where NN (εk) is the density of states for the normal state phase, which is a
constant near Fermi level, and NS(Ek) is the density of states for supercon-
ducting phase.
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Figure 7.7: (a)Schematics showing excitation spectrum of a superconduc-
tor at temperature,T = 0. An energy gap of ∆ separates the BCS ground
state and excites states. (b) Shows EK - k diagram of a superconductor (c)
Shows the density of states of a normal metal N(0) and Superconductor NS .
The superconductor density diverges near energy ∆.
From the Equation 7.2 and 7.3, we can deduce an expression for the ration of
density of states of a superconductor to the normal state.
NS(E)
NN (0)
=

0 for E − µ < ∆
E−µ√
(E−µ)2+∆2 for E − µ > ∆.
(7.4)
Schematics of this expression is shown in Figure 7.7c. When E−µ < ∆, there
are no available states close to the Fermi Level, EF . When, E − µ > ∆ it
follows the above formula. At E = ∆ the density of state shows divergence
as shown in the figure 7.7c. The BCS theory also gives expression for this
∆. At T =0, ∆(0) ≈ 1.76kBTc, where kB is the Boltzmann constant and Tc
transition temperature.
BCS theory was successful in explaining the properties of superconductors.
In 1972, they were awarded Nobel Prize for this work [171]. Later in 1986,
Bednorz et. al. discovered superconductivity in LBCO, which had a tran-
sition temperature of 30 K [172]. This lead to the discovery of new class
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of superconductors called High Tc superconductors, that are materials whose
transition temperature is above 30 K ( the maximum Tc predicted by the BCS
Theory). Recently, high Tc superconductivity was reported in Iron-based ma-
terials [173]. Even though, many high Tc materials were discovered in past 30
years, the theory behind these materials remains as a mystery and is one of
the open problems in physics.
7.1.4 Proximity Effect
When a superconducting material S is in contact with a normal metal N, it
exhibits the proximity effect, i.e., the superconductor induces superconductiv-
ity in the Normal metal. This induced superconductivity exists only in a thin
surface layer of the normal metal near the NS interface, typically around 100
nm. The metal in electrical contact acquires superconducting characteristics
such as zero resistivity, perfect diamagnetism, etc.
Ψ
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Figure 7.8: (a) Schematics showing the changes in Order parameter Ψ
in Superconductor - Normal Metal interface at temperature, T < Tc, (b)
Scheme showing the Andreev reflection in a NS interface. Different length
scales are also marked. (c) depicts the energy level diagram for the formation
of Cooper pair by Andreev Reflection
Consider an interface between a normal metal and a superconductor as shown
in Figure 7.8 (region x < 0 is Superconductor andx > 0 is Normal Metal).
The distance to which the order parameters enters in the Normal metal is
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called effective coherence length ξN . In a normal metal, when the electron
means free path, ` is larger than the effective coherence length ( ` >> ξN ),
and then the condition is referred as the clean limit. If ` << ξN then its called
the dirty limit. The proximity effect takes place by the penetration of Cooper
pairs into the Normal metal. Consider an electron from the normal metal
region moving towards the NS interface. If the electron energy is less than the
energy gap of the superconductor (E < ∆), then the electron cannot enter
the superconductor since there is no available states. The charge transfer in
this case occur through Andreev Reflections [174]. This process is depicted
in Figure 7.8c. The electron can only enter the superconducting region as a
Cooper pair. The incident electron pairs up with another electron to form a
Cooper pair. This new electron is obtained by creating a hole at the interface.
If the incident electron is spin up, it pairs up with a spin down electron to
form Cooper pair. To conserve the total spin, the hole created must have spin
up. This hole moves away from the interface. The momentum of the electron
is given
ke =
√
2m(EF + E) ; kh =
√
2m(EF − E) (7.5)
This process results in the charge transfer from N to S region. The hole
reflected back at the interface trace back the path of the incident electron pair
coherently over a distance LC . This coherence length, in this case, is expressed
by equation [7, 175]
LC = min
{√
~D
E
,Lφ
}
(7.6)
where, D is the diffusion constant of the material, E is the energy of the
electron states, and Lφ is the phase coherence length in Normal metal.
Chapter 7 Review of Superconductivity and Graphene 155
7.1.5 Spatially resolved measurement of Proximity effect
As mentioned above, the diffusion of Cooper pair into the N region alters local
density of state. This extends to a length LC from the interface (see Figure
7.8). Combined Scanning Tunnelling Microscopy and Spectroscopy enables
one to resolve spatially these changes in density of states with atomic precision.
However, these experiments are difficult to carry-out since (1) this requires
well-defined NS interface and (2) STM operating at milliKelvin temperature.
Figure 7.9: (a) Shows the scheme of sample preparation, Au (green colour)
is evaporated on to a pre-deposited Nb spots (red) (b) STM image of the
sample showing the hill created by deposition (c) shows the line profile of
the surface extracted from image (d) Experimental spectra measured on
locations a to j . Figure from Ref [6].
One of the first attempts to measure proximity was carried out by Moussy
et.al. [6]. The Scheme of the experiment is shown in Figure 7.9a-c. They were
able to probe the local density of states in the region close to N-S interface.
They observed in the inverse proximity effect in the superconducting region.
They also observed a pseudo-gap with decreasing amplitude along the N-S
interface and theoretical model using Usadel equations. They estimated the
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characteristic length of NS material around 300 nm. However, in this case,
the NS interface was determined indirectly.
Recently, with the advancement of the advanced in-situ sample preparation
techniques and combined low-temperature STM proximity effect was studied
with unprecedented precision [7, 176, 177].
a b
c
c d
Figure 7.10: The figures shows a Super - Super region. (a) Topographic
STM image of the sample showing the Pb nanoisland S1 connected to the
striped incommensurate Pb monolayer S2. (b) shows the Spatial and energy
evolution of the tunneling conductance spectra obatained across the junction
(c) Selected local tunneling spectra (d) Spatial evolution of the energy of the
peak maximum across the interface. Figure from Ref [7].
One of the noteworthy experiment performed recently was conducted by Cherkez
et. al. [7]. They could be experimental measure proximity effect between two
superconductors. They could grow a lateral junction composed of a large-gap
Pb island S1 and a small-gap crystalline atomic Pb monolayer with a gap S2
and probed using an LT-STM. The observed proximity induced changes in
tunnelling spectra was modelled using a self-consistent solution of the Usadel
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equations. They could observe proximity-induced superconductivity in sam-
ple. Also, they could find a weak inverse proximity effect and resolve one of
the old problems regarding proximity effect.
7.2 Two Dimensional Materials
Discovery of Graphene by Andre Geim and Kostya Novoselov in 2004 com-
menced a new era of two-dimensional materials [178]. This experiment paved
the way to experimental and theoretical advancement in 2-D materials. In
2010, Geim and Novoselov were awarded the Nobel Prize in physics “for ground
breaking experiments regarding the two-dimensional material Graphene” [179].
A lot of 2-D materials with astonishing properties and a wide range of appli-
cation were discovered following the discovery of graphene [180]. Even after
ten years Graphene remains as one of the hot topics in materials research.
7.2.1 Graphene
Graphene, the first discovered 2 D material, is a one-atom-thick sheet of carbon
atoms which forms a two-dimensional honeycomb lattice. The Graphene arises
from the properties of the carbon atom to form various allotrope. The carbon
has atomic number 6 and a ground state electronic configuration of 1s22s22p2.
The outer 2s and 2p orbitals are separated only by a 4 eV energy. This low
energy helps to the outer orbitals to form various hydrations. One 2s and
two 2p orbitals hybridize to form three sp2 hybridized orbital which form a
planar structure. These orbitals form 1200 to each other. The remaining one
hybridised 2p orbital is perpendicular to this plane. In Graphene, these sp2
orbitals combine to form a honeycomb structure.
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Figure 7.11: (a)The vectors a2 and a2 marks the unit vectors of the
triangular Bravais lattice. Meanwhile vectors δ1, δ2 and δ3 are the nearest
neighbour vectors. (b) Shows the reciprocal lattice of the triangular lattice.
The primitive lattice vectors are a∗1 and a
∗
2. The grey region inidcates the
first Brillouin zone (BZ), with centre Γ and the high symmetery corners K,
K’ and M. Image adapted from ref [8].
The Figure 7.11 shows triangular Bravais lattice. The unit cell in the Bravais
lattice has two equivalent carbon atoms marked as the A and B. The A and
B sublattice are separated by a distance, a = 0.142 nm.
The three vectors connecting A sub-lattice with nearest-neighbour B sublattice
are
δ1 =
a
2
(√
3ex + ey
)
; δ2 =
a
2
(
−
√
3ex + ey
)
; δ3 = −aey (7.7)
and the triangular Bravais lattice is represented by the basis vectors.
a1 =
√
3aex; a2 =
√
3a
2
(
ex +
√
3ey
)
(7.8)
The lattice spacing is given by, a¯ =
√
3a = 0.24 nm. The area of the unit cell is
given by Auc =
√
3a¯/2 = 0.051nm2. There are two atoms per unit cell. hence
the density of carbon atom is , nC = 2/Auc = 39 nm
−2. Every carbon atom
has one electron from the hybridized orbital. In the sp2 hybridization, the
Chapter 7 Review of Superconductivity and Graphene 159
hybridized in plane atoms forming σ bond and unhybridized p orbital forming
pi bond. The energy dispersion relation for the two-dimensional Graphene was
solved by Philip Wallace in 1947 using the tight-binding method and can be
expressed as [8, 181]
E±(kx, ky) = EF ± γ0
√√√√1 + 4cos2(kxa
2
)
+ 4 cos
(
kxa
2
)
cos
(√
3kya
2
)
(7.9)
where γ0 is the nearest-neighbor hopping energy (γ0 ≈ 2.8 eV). The excitation
spectrum of Graphene has two bands that are symmetrical around E = 0. The
E+ branch correspond to the pi∗ and E− to the pi branch. Figure 7.12 shows
the electronic energy dispersion relations for graphene as a function of the two-
dimensional wave-vector k in the hexagonal Brillouin zone. The band crossing
occurs at the K and K’ points.
a b
Figure 7.12: (a) Energy dispersion as a function of the wave-vector compo-
nents kx and ky. (b) Cut throught the energy dispersion along characteristic
lines (connecting the points K → Γ→M → K. The energy is measured in
units of t and the wave vectors in units of 1/a. [8].
The Graphene energy dispersion is similar to that of the Dirac spectrum for
massless fermions [182]. Hence, the charge carriers in Graphene are described
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by a Dirac-like spectrum. This is due to the Graphene structure. As shown
in the Figure 7.12 has a conical energy dispersion. Thus the quasiparticles in
graphene exhibit a linear dispersion relation E = ~vF
√
k2x + k
2
y and behave as
massless relativistic particles analogous to photons.
7.2.2 Proximity Effect in Graphene
Even though, Graphene is not an intrinsic superconductor; superconductiv-
ity can be induced in Graphene. This is achieved mainly by two methods,
(1) Graphene intercalated Compounds (GIC) and (2) Proximity Effect .
Graphene Intercalated Compounds are materials based on Highly Ordered
Pyrolytic Graphic (HOPG) in which Graphene layers are separated by inter-
calated ions. Superconductivity in such materials was first reported by Hannay
et. al. in 1965 [183]. The recent discovery of Graphene re-initiated research in
Graphene intercalated materials, and superconductivity was reported some of
the newly found intercalated compounds [184, 185]. However, the mechanism
of superconductivity in these compounds are not very clear.
Another mechanism to induce superconductivity in Graphene is by Proximity
Effect. i.e. by keeping Graphene in close contact to a superconductor. In
recent years, many groups reported proximity-induced superconductivity in
Graphene [186–189].
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Figure 7.13: (a)Schematic showing Graphene - Superconductor interface.
The cartoon showing (b) Normal Andreev Reflection, (c) Specular Andreev
Reflaction and corresponding energy level diagram. In normal reflection,
hole is reflected in the same direction of the incident electron. Meanwhile,
the hole makes a reflection angle with the incident electron direction.
In proximity effect, the Cooper pairs from the superconducting region pene-
trate into the Graphene area. When E < ∆ Andreev Reflection (AR) takes
place. However, there are two types of Andreev Reflection in the case of
Graphene - Super Interface. (1)Specular AR and (2) Normal AR [190, 191] .
In the case of specular Andreev reflection, the Graphene is not doped (EF =
0). The end of cone lies in the EF . The schematic of the specular Andreev
reflection is shown in Figure 7.13c. When the energy of the incident electron
is less than ∆ Andreev reflection takes places as mentioned in section 7.1.4.
To obey the conservation laws, the reflected hole should process same energy
but in valence band .i.e (-E). In this case, electron and hole lie in the same
energy band. The hole is reflected in an angle from the incident electron
path (see Figure 7.13c bottom panel). Hence the name specular Andreev
Reflection. The schematic for the normal AR is shown in Figure 7.13b. In
this case, the Graphene is heavily doped (EF >> 0) and hence the Dirac point
is far from the Fermi level. In this case, the hole and electron lie in the same
band. The reflected hole trace back the path of the incident electron (retro-
reflection). Depending on the doping of Graphene, i.e. the position of Dirac
cone with respect to the EF , specular or normal Andreev reflection can occur
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in Graphene - Superconductor Junction. Beenakker theoretically showed that,
for retroreflection the subgap conductance increases with voltage from 4/3 to
twice the ballistic value and in the case of specular reflection conductance
drops from twice to 4/3 the ballistic value [191].
This prediction clearly shows that the changes in the local density of state
induced by the normal and specular AR will be different. This changes can
be investigated using scanning probe microscopes. Also, we need to fabri-
cate a sample with the clear Graphene - Superconductor interface. However,
preparing such samples and conducting spatially resolved measurements on
this sample are technically challenging.
Chapter 8
Proximity Induced
Superconductivity in
Graphene
In this chapter we investigate the feasibility of fabricating atomically flat su-
perconducting substrates using graphene placed in close proximity with a bulk
superconductor. The properties of the resulting hybrid substrate is character-
ized using scanning probe microscopy.
8.1 Motivation
In the previous chapter, we discussed about Single Molecule Magnets deposited
on a non-magnetic metal surface and probing the spin using inelastic tunnelling
spectroscopy. To make an actual spintronic devices using SMMs, we need to
investigate spin sensitive of these systems. This spin sensitivity of SMM can
be studied by depositing them on magnetic surfaces [192] or superconduct-
ing surface [190]. Typically these experiments are carried out at ultra-high
vacuum (UHV) and is limited to molecules which are compatible with UHV
163
164 Chapter 8 Proximity Induced Superconductivity in Graphene
conditions. To deposit a non-UHV compatible molecule we need to resort to
wet deposition methods, and hence these substrates have to be exposed to am-
bient conditions. Unlike gold substrates, the magnetic and superconducting
substrates get oxidised very quickly in ambient conditions and loses its surface
properties. Hence, these substrates are not suitable for wet sample preparation
method. One way to overcome this problem is to use an intermediate material
to cover these magnetic or superconducting material that protect its surface
from oxidation and at the same time preserves the magnetic or superconduct-
ing characteristics. A suitable material for this purpose could be graphene,
which is a one-atom-thick layer of graphite. Intrinsically graphene is a not
a superconducting material. However, graphene can be made superconduct-
ing by utilising proximity effect [186].The proximity induced superconducting
graphene surface could serve as an ideal candidate for depositing SMMs. We
fabricated samples in which graphene is placed in contact with a bulk super-
conductor in various geometries. The samples were characterised in ambient
temperature using AFM and at low temperatures using STM with a super-
conducting tip.
8.2 Fabrication of Samples
8.2.1 Superconductor Deposited from STM Tip
In the previous investigations where proximity-induced superconductivity was
studied by measuring spatially resolved scanning tunnelling spectroscopy, the
samples were prepared at Ultra High Vacuum (UHV) conditions. In most
of these studies, a superconducting island is grown in-situ on a well-defined
substrate using various UHV deposition techniques [176, 177]. However, in our
case the system is non-compatible with the UHV deposition methods. Hence,
we tried an alternative method to deposit superconducting material on the
substrates.
Chapter 8 Proximity Induced Superconductivity in Graphene 165
Recently, Andres Castellanos et al. described about a method to make metallic
islands on substrates at low temperature using STM tip [193]. They applied a
high voltage pulse (3 V - 9 V) between STM tip and substrate, and deposited
tip material on the substrate. This sign of the voltage pulse and magnitude
controls the size of the islands created.These islands were used for mechanically
annealing the STM tip [193]. They used a normal metal (Au) as tip. This
opens up the possibility of depositing superconducting materials in-situ by
using superconductors STM tip. The use of superconducting lead (Pb) as
STM tip was pioneered by Rodrigo et al. [194]. We followed his procedure to
obtain a superconducting Pb tip.
A freshly cut metal piece of lead is soldered to STM tip base. Unlike the
metallic wires (Au, Pt, Pt-Ir, etc.) used for STM, Pb is very soft making very
sharp tip using lead is difficult, and also thin Pb tips bends faster on crash to
surface. The tip is prepared by mechanical polishing and sharpening to obtain
an inverted pyramidal shape. The STM tip is brought into tunnelling contact
with the surface using piezo actuators. Then a voltage pulse is applied between
the tip and surface. In the STM set-up, voltage is applied to the surface, and
the polarity of the tip is selected such that the tip is kept at a negative potential
with respect to the surface. Typically a +9 V pulse is applied for 0.05 seconds
as mention in the above reference. This is repeated two or more times. The
tip is mechanically annealed as described in ref [193] .
Metal or Insulator 
Graphene
Pb Tip
Voltage 
Pulse Pb Island
a b c
Figure 8.1: Scheme showing deposition of Lead on a graphene sample. (a)
STM tip is moved close to the sample (b) a high voltage pulse is applied
between tip and sample (c) Lead island deposited on substrate.
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Figure 8.2: (a) STM image of the Pb island deposited from the tip by
applying voltage pulse (It = 10.0 mV , It = 1.0 nA). The red and green
cross mark indicates the region where spectroscopy was carried out along
the line (b) Line profile of the blue line drawn on (a). (c) STS taken along a
line from red cross mark to green cross mark (d) STS and fit for two channel
model. dI/dV are shifted for clarity. (e) cartoon showing the scheme of
experiment
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We initially tested this method on the gold substrate. The Figure 8.2a shows
the STM image of Pb deposited on Gold surface. The white coloured indicates
the boundary of the lead deposited from the tip. The Figure 8.2b displays
the line profile drawn on Figure 8.2a (blue colour). The Pb region has an
approximate height of 3.0 nm and spread in around a 40 nm × 100 nm
area. Scanning tunneling spectroscopy is done at different points along the
line connecting red and green cross. The STS on the red line show Super-
Normal(SN) curves with a superconducting gap of 1.4 eV, which correspond
to the tip. Meanwhile, the STS taken on green shows two gaps. The super-
super gap is 2.1 eV. One gap is corresponds to the STM tip and the other to
the substrate. This indicates that the Pb deposited from the tip has a reduced
superconducting gap (0.7eV). This reduced gap can be due reduced dimension
since the size effect can alter the superconducting gap in the nano-islands of
superconductors as observed in previous experiments [176, 177, 195, 196]. In
these experiments, the superconductor was grown on the well-defined surface,
and hence they could estimate the atomic layer involved in the formation of
the islands. In our case determining the number of layers involved is difficult
since the bottom layer is not well defined. However, the spectroscopy could
clearly distinguish the superconducting region for the normal region. The gap
on the island is uniform, indicating that the Pb is uniformly spread. There is
a change in the Spectroscopy as we move from along the border of the island.
The change in the STS from Normal to Super near the Pb island is due to
the tip size effect rather than proximity. This change is observed only for the
small distance (< 6 nm) from the island.
The tip prepared in this experimental set-up is blunt. However, the blunt part
also contributes depending on the shape of the sample. Figure 8.2e shows
a cartoon showing a situation similar to our case. In this case, there are
two channels, (1) one tunneling channel from the sharp tip to the Normal
region and (2) another channel that links the superconducting island. SS part
is modelled with a BCS tunnelling model between two superconductors. In
this case, they have two different gaps tip (1.4 eV ) and Pb island (0.7 eV ).
NS is modelled with BCS Normal - Super tunnelling equation (Tip gap of
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1.4 eV ). The total current observed is the sum of these two channels. The
resulting current depends on the extent of the contribution of each channel.
The experimental curve (black) and fit (red) is shown in the Figure 8.2f. The
curves are shifted vertically for clarity. The percentage shows the extent of
the contribution of Normal - Super channel. 100% indicates the tunnelling is
totally N-S while 0% indicates that process is totally through SS. As the STS
shows, as the tip moves close to the island the SS part dominates the process.
This results shows that to measure the proximity effect using the present
experimental configuration, the sample should hold following conditions; (1)
graphene layer lying on a flat substrate, (2) the substrate should have super-
conducting and non-superconducting regions, and (3) well-defined boundary
should separate these two areas (see figure 8.3).
Insulator Superconductor 
Graphene
Pb Tip
Figure 8.3: Scheme showing Tip - Sample arrangement to measure Prox-
imity Effect in graphene
8.2.2 Preparation of Graphene/Pb/PMMA Samples
As shown in the Figure 8.3, the graphene should be lying on a substrate with
superconducting and non- superconducting regions. We followed the following
strategy to such a substrate.
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Figure 8.4: Scheme showing the device Fabrication of Graphene/Pb/P-
MMA samples
The Figure 8.4 shows the scheme of preparation of the samples. The steps
involved in the process are
Step 1 : Graphene on SiO2/Si (Doped Si wafers with a 300 nm thick layer)
purchased from Graphena was used as the base substrate. 10 mm × 10 mm
sized wafers were cut and cleaned by sonication in isopropanol for 5 minutes.
Step 2 : Th lead was deposited on this sample by thermal evaporation method.
The lead is heated in Tantalum boat and evaporated on to the sample. The
mask is used to cover the sample is arranged in such way that only on one-half
of the sample is exposed. A 300 nm thick lead was deposited on the sample.
The base pressure of the evaporation chamber was kept around5×10−6 mbar.
Step 3 : Spin-coat the substrate with Polymethyl methacrylate (PMMA) for
1 min @ 5000 rpm. The sample was dried overnight.
Step 4 : Then the sample is partially dipped into a beaker of 1 molar aqueous
solution of NaOH at 1000 C. This process will etch out the SiO2.
Step 5 : After etching SiO2, the sample is transferred to milliQ water at room
temperature. The sample floats on the top of water due to the surface tension
and hydrophobic nature of PMMA.
Step 6 : Sample is taken out of the water and dried in the presence of inert
gas.
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Figure 8.5: Figure shows (a) Graphene on SiO2 after cleaning by soni-
cation. (b)After evaporating Pb and coating with PMMA. (c) & (d) are
20X and 50X zoom in of sample. The black rectangle indicates the zoomed
region.
The Figure 8.5 shows the optical image of the substrate during various stages
of sample preparation. The Figure 8.5a shows the sample after the first
step.Figure 8.5a shows the sample after step 3, i.e. after evaporating lead
and coating with the PMMA. The zoom of this figure, on the boundary re-
gion (Pb/PMMA) is shown in the bottom figure. The zoom of the optical
image shows that the border of Pb - PMMA region is very spread and not
well defined. This obscure boundaries are spread over 0.05 mm wide region
(see Figure 8.5d). It would be difficult to measure proximity in such vague
boundaries. Hence, we did not proceed further with the procedure.
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8.2.3 Preparation of Graphene/BN/Pb Samples
We tried the an alternative procedure to obtain a substrate with well-defined
border between superconducting and non-superconducting region. We pre-
pared a such sample using lead and Boron Nitride flakes. The Pb is a super-
conductor [197] and h-BN is well-known insulator [198]. The flakes of h-BN
were deposited on graphene on Silicon-dioxide. BN is a layered material and
cleave in perfect crystal planes with sharp boundaries. The lead is evaporated
on top of this. Thus, the combination of BN and lead provides us with a sam-
ple that has well defined superconducting and non-superconducting regions as
mentioned in Figure 8.3.
The Figure 8.6 shows the process involved in fabrication of the sample
Graphene/SiO2 Transfer BN Evaporate Lead Spin coat PMMA
Transfer to NaOH Transfer to milliQ H2OFlip Sample 
pick the sample by 
a gold substrate
NaOHH2OH2O
Graphene
PMMA
Lead,Pb
SiO2
BoronNitride,BN
1 2 3 4 
56
8
7
Gold
Figure 8.6: Scheme showing the device Fabrication of Graphene/BN/Pb
samples
Step 1 : Graphene on SiO2/Si (Doped Si wafers with a 300 nm thick layer)
purchased from Graphena was used as the base substrate. 10 mm × 10 mm
sized wafers were cut and cleaned by sonication in isopropanol for 5 minute.
172 Chapter 8 Proximity Induced Superconductivity in Graphene
Step 2 : The hexagonal boron nitride (h -BN) flakes are deposited on silicon
dioxide substrate by mechanical exfoliation methods by using viscoelastic poly-
dimethylsiloxane (PDMS) stamps.
Step 3 : Lead was deposited on this sample by thermal evaporation method.
300-500 nm thick lead was deposited on the sample. The base pressure of the
evaporation chamber was kept around5× 10−6 mbar.
Step 4 : Spin-coat the substrate with Polymethyl methacrylate (PMMA) for
1 min @ 5000 rpm. The sample was dried overnight.
Step 5 : Then the sample is partially dipped into a beaker of 1 molar aqueous
solution of NaOH at 1000 C. This process will etch out the SiO2.
Step 6 : After etching SiO2, the sample is transferred to milliQ water at room
temperature. The sample floats on the top of water due to the surface tension
and hydrophobic nature of PMMA.
Step 7 : The sample is again transferred to the milliQ water. This time, the
sample is flipped so that the graphene part lies on top.
Step 8 : The sample is slowly lifted from the water using gold on quartz. The
Gold on Quartz was flammed annealed using butane flame and cooled to room
temperature prior to this process.
The Figure 8.7a shows the optical image of after spin coating PMMA on top
of lead deposited. The colour difference seen on top of the PMMA in Pb is
due to the different thickness of PMMA. The Figure 8.7b shows the optical
image substrate after the final process. One can directly observe the inverted
pattern of the Pb region. The Figure 8.7c & d shows the zoom of the b 20X and
50X respectively. These images show BN flakes spread around the whole area.
This large density of BN flakes on the surface makes it is easy to find a flake
(non-superconducting region) while scanning with STM at low temperature.
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Figure 8.7: Optical Microscope image of various sample preparation stage
(a) Image taken after step 4 i.e after spin coating PMMA (b) After step 8,
transferring the sample to gold on quartz. (c) and (d) are zoom in of the
image (b). The small dark spots appearing on the image (d) are BN flakes
lying beneath the graphene.
1.0mm 1.0mm
a b
Figure 8.8: Optical Microscope image of another Graphene/BN/Pb sam-
ple. (a)Bright field image (b) dark field image
It was observed that in most of the samples are affected by the NaOH. NaOH
solution is highly reactive and reacts with the Pb underneath the Graphene.
This causes etching of Pb in many areas. The Figure 8.8a shows the optical
image of a substrate etched by the NaOH. Figure 8.8b is the dark field image
of the same area that clearly distinguishes between Pb (silver coloured) and
etched areas (dark). Some area might have got oxidised as well. However,
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some part of the sample is preserved, and we decided to cool down the sample
for STM measurements.
8.3 STM and AFM Measurements
The sample was cooled down to cryogenic temperature and STM measurement
were carried out. However, due to a leak in the inner vacuum chamber we
could not achieve the base temperature of 350mK. Instead, measurement were
performed at 4.2 K. Due to the leak; the helium bath was in good thermal
contact with the STM, and this prevented us from conducting temperature
dependent measurements
The substrate arrangement is similar to the to the set-up described in the
Figure 8.3. Another Pb sample was kept side by side to the sample. This Pb
sample was used to as reference sample to calibrate superconducting scanning
tunnelling spectroscopy. Also, this sample was used to clean the supercon-
ducting tip by mechanical indentation.
70nm 3nm 0.8nm
a b c
x xx
Figure 8.9: (a)STM image of Graphene on top of Lead region (Vb =
50 mV, It = 1.1 nA). (b) & (c) are zoom in of the region indicated by
red and green square respectively
After cooling the sample, the tip is cleaned by repeated crash in the pure
Pb till a stable STS of Pb-Pb gap was achieved. Then the tip is moved to
Graphene sample using the horizontal piezo actuators. Figure 8.9 shows the
STM image taken on the Graphene region. The Figure 8.9 b & c displays the
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zoom in scans of the Figure 8.9a. The large areas STM image indicates that
the surface follows the corrugation of SiO2. The STS taken on different areas
of the Figure 8.9 is shown in Figure 8.10. The STS shows an superconducting
gap indicating that the Graphene is lying on top of Pb region.
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Figure 8.10: STS taken on Graphene on Pb at different area indicated by
(x) mark on Figure 8.9.
The STS taken on Graphene on Pb region (blue coloured curve) is compared
with the STS taken on bare Pb (black coloured line) in the Figure 8.11. In both
region STS was taken at same conductance (0.02 MOhm−1). The spectra taken
on both region appears identical. The curves were fitted using the Bardeen-
Cooper-Schrieffer (BCS) model [199]. The red curve in Figure 8.11 shows the
BCS fit at the temperate 4.3 K and is in well agreement with the measured
curves. The superconducting gaps obtained from the fit is ∆tip = 1.30 mV
and ∆substarte = 1.29 mV. This shows that the gap observed on Graphene is
almost same as the underlying metal. The width of the superconducting gap
induced by proximity effect in Normal metal in contact depends on the inter-
face barrier height between Normal - Super region. When the barrier height is
negligibly small, i.e. A normal metal is in good contact with the superconduc-
tor; the induced gap will be same as that of the superconductor. This result
is analogous to the recent experimental results observed in Graphene grown
on Rhenium [187].
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Figure 8.11: STS taken on (a)Pb (black colour), (b) Graphene on Pb (blue
colour) & (c) BCS Fit (red colour) , GN = 0.02 MOhm
−1.
In our case, the induced superconductivity was not observed in not all the
regions. Only a few areas in the substrate were observed to show supercon-
ductivity. The absence superconducting regions could be due to the etching
of Pb by NaOH. In some areas, reduced superconducting gap was also seen.
This reduced gap could be either due to the small size Pb islands formed due
to etching or oxidation of Pb during sample preparation. It is hard to deter-
mine the size effect and oxidation by STM technique alone. Next we tried
the experiment is to observe the proximity in the Super-Normal region in the
Boron- Nitride(BN) border. Hence, we searched for an area with graphene
on top of BN flake. The optical image shows that the flakes are micron sized
and spread around in a large area. The STM scan area is only few hundred
nanometer at low temperature. Also, the movement of the slider is limited in
on direction. These factors made finding BN flakes a hard task. The STM
image of one such flake is shown below.
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Figure 8.12: (a)STM scan of Graphene/BN area (Vb = 0.3 V, It = 0.9 nA).
Area outside BN flake is coloured violet, (b) & (c) are the zoom in of the
regions marked in red squares. (d) z profile along the green line shown in
sub-figure (a).
The Figure 8.12a shows a border region with Graphene on top BN flake. The
Graphene on non-BN part is highlighted in the figure. The high-resolution
scans of the area in (a) are shown in b & c. The Figure 8.12c shows the
honeycomb lattice of Graphene. The STS taken on the region showed that
the Graphene on top of the BN flake is not superconducting. More over no
superconducting part is observed outside the flake as well. The profile take on
flake shows that the flake boundaries are not flat, and they are very steep. This
indicates that the Pb near the flake is removed during the sample preparation.
Most of the flakes observed showed abrupt boundary near BN edge.
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Figure 8.13: (a)AFM image of a Graphene on top of BN flake (b) AFM of
another flake (c) height profile along the green line drawn on (b). The red
line indicated the boundary between the flake and the island.
To further verify the substrate, we measured the sample using AFM after
warming up the system. The AFM images on two different flakes are shown
in Figure 8.13 a & b. In both the pictures, the Graphene on BN is visible,
and the flakes have well-defined sharp edges. These edges are supposed to flat
and covered with the Pb. However, the AFM shows that the Pb is absent. In
the Figure 8.13 b, a small hilly region is observed near the flake. This hill-
like structure could be the Pb remaining after the etching. The AFM height
profile taken over the island shows that the flake is slanting over the island.
This indicates that the flake was lying on to Pb and most of the Pb beneath
it got etched out during the NaOH processing. Hence, the BN flake slanted
over the remaining part of Pb.
Even though the optical image shows that some areas with Pb are conserved,
close examination with the AFM shows that the Pb near most of the BN flakes
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is removed. This could be due the holes and scratches is in Graphene sheet.
NaOH, which is a strong reactant, enter through these holes in graphene and
react with Pb. However, in some regions Pb is well preserved. STM image
shown in the section 8.9 corresponds to one of such region. In those regions,
Graphene is well attached to the Pb and shows superconductivity as demon-
strated by the STS. This shows that graphene can be made superconducting
by proximity effect. However to characterise the coherence length and other
properties is difficult.
8.4 Conclusion and future work
Here we show a method to obtain superconductivity by inducing proximity
effect. STM and STS investigation show that Graphene in close contact to a
superconductor, lead, displays superconducting gap features. BCS fit analysis
shows that the superconducting gap measured on graphene on top of Pb is
same as that of the bulk Pb showing that the Graphene becomes a BCS
superconductor. We did not succeed in measuring the lateral proximity effect
due ot the difficulties in sample preparation. However, the results indicate that
the graphene of Pb turns superconductor and hence these materials can serve
as the substrate for depositing functional molecules. This also extends the
possibility of deposition at ambient sample preparation conditions. However,
we need to develop further a method avoiding strong reactants such as NaOH
to avoid the etching of superconducting materials.

Part V
General Conclusions
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Chapter 9
General Conclusions
In this thesis, we investigated the rectification effect and magnetism of single
molecules. The main results of this thesis are
• A compact Low-Temperature Scanning Tunnelling Microscope (LT-STM)
operating at 350mK with a long range sample stage was constructed. A
heater and thermal sensors were attached to the sample holder. The
superconducting magnet and temperature measurements setup was au-
tomated.
• A deposition technique was developed for depositing molecule on sub-
strates. A stable deposition of single molecules onto a substrate is a
prerequisite for STM studies. This is a challenging task, especially when
dealing with molecules that cannot be deposited by thermal evapora-
tion. In our case, the molecule DyW30 is a water-soluble molecule that
restricted us from adopting many wet deposition methods as well. The
spray deposition method developed enable us to deposit single molecules
on Au(111) surface in a controlled way at ambient conditions. The STM
and XPS results demonstrate that molecules stay intact after deposition.
The samples prepared by wet deposition methods has a higher possibility
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of contamination. A clean cooling down procedure was also developed
to ensure the cleanliness of samples for low-temperature measurements.
• We investigated the rectification of a polyoxometalate molecule in single
molecule junctions. We obtained large rectification ratios ( > 100) for a
DyW30; that is one of the highest experimentally recorded values. The
molecule also sustains high current densities (> 105 A/cm2). In contrast
with previously reported molecular rectifiers, we could show unambigu-
ously that the rectification in these molecules is due to the asymmetric
coupling of the electrodes with the molecular level. This was measured
by conducting controlled IZ- IV measurements on individual molecules
and interpreted using a single level model. The model was further ver-
ified by conducting the experiment on C60 molecule. These results give
insight into the mechanism of rectification, the oldest problem in molec-
ular electronic.
• We also investigated the magnetic properties of the molecule by conduct-
ing spin IETS at low temperature. The results show that the DyW30
molecule preserves magnetic behaviours on deposition on a metal sur-
face. The inelastic spin jump values obtained were modelled using simple
single ion in crystal field model and we could infer the change associated
with a spin of a single molecule compared to the bulk. The emergence of
Kondo effect on pressing the molecule with tip shows that the electrode
coupling affects the magnetism of the molecule.
• We also investigated the possibility of developing superconducting Graphene
substrates for depositing single molecule magnets. We deposited Graphene
on top of Pb, and could confirm that Graphene becomes a proximity-
induced superconductor in contact with lead by using scanning tun-
nelling spectroscopy.
To conclude, we investigated rectification and magnetism in single molecule
junctions using a Scanning Tunnelling Microscope operating at ambient and
low temperature. The results show experimental observation of both the
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process in a polyoxometalate-based molecule. These findings combined with
the theoretical analysis throw light on the origin of rectification and mag-
netism in single molecule junctions. The proximity-induced superconductivity
in Graphene was also investigated.

Chapter 10
Conclusiones Generales
En esta tesis, hemos investigado el efecto de rectificacio´n y el magnetismo de
mole´culas individuales. Los principales resultados de esta tesis son:
• Se ha construido un Microscopio de Efecto Tu´nel de Bajas Temperaturas
(LT-STM) que opera a 350 mK y que tiene una plataforma para la
muestra con un gran rango de movimiento. Se han an˜adido un calentador
y sensores te´rmicos al soporte de la muestra y se han automatizado el
ima´n superconductor y las medidas de temperatura.
• Se ha desarrollado una te´cnica de deposicio´n de mole´culas en sustratos.
La deposicio´n estable de mole´culas individuales sobre un sustrato es un
requisito para estudios con STM. E´ste es un reto importante, especial-
mente cuando se trata de mole´culas que no se pueden depositar medi-
ante evaporacio´n te´rmica. En nuestro caso, la mole´cula DyW30 es una
mole´cula soluble en agua, lo que nos limito´ tambie´n el uso de muchos
me´todos de deposicio´n desde disolucio´n. El me´todo de deposicio´n con
espray desarrollado nos permite depositar mole´culas individuales sobre
una superficie de Au(111) de una forma controlada en condiciones ambi-
ente. Los resultados de STM y XPS demuestran que las mole´culas per-
manecen intactas despue´s de la deposicio´n. Las muestras preparadas con
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me´todos de deposicie´n desde disolucio´n tienen una probabilidad mayor
de contaminacio´n. Tambie´n se ha desarrollado un procedimiento de re-
frigeracio´n limpio para asegurar la limpieza de las muestras para las
medidas a baja temperatura.
• Investigamos la rectificacio´n de un polioxometalato en uniones molec-
ulares individuales. Obtuvimos grandes ratios de rectificacio´n (> 100)
para el DyW30, uno de los valores ma´s elevados medidos experimental-
mente hasta el momento. La mole´cula soporta tambie´n altas densidades
de corriente (> 105A/cm2). Al contrario que otros rectificadores molec-
ulares publicados previamente, pudimos mostrar inequ´ıvocamente que
la rectificacio´n de estas mole´culas es debida al acoplamiento asime´trico
de los electrodos con el nivel molecular. E´sto fue medido realizando IZ-
IV controladas en mole´culas individuales y se interpreto´ utilizando un
modelo de un u´nico nivel. El modelo, adema´s, fue verificado realizando
el experimento en mole´culas de C60. Estos resultados ofrecen una mejor
comprensio´n del mecanismo de rectificacio´n, el problema ma´s antiguo de
la electro´nica molecular.
• Tambie´n investigamos las propiedades magne´ticas de la mole´cula medi-
ante espectroscop´ıa inela´stica de esp´ın (spin IETS) a bajas temperat-
uras. Los resultados muestran que la mole´cula DyW30 conserva com-
portamientos magne´ticos al depositarla sobre una superficie meta´lica.
Los valores del salto inela´stico de esp´ın obtenidos fueron modelizados
utilizando un modelo sencillo de un io´n en presencia de un campo cristal-
ino y pudimos deducir la carga asociada al esp´ın de una u´nica mole´cula
comparada con el valor de volumen. La aparicio´n de efecto Kondo al
presionar la mole´cula con la punta muestra que el acoplamiento con el
electrodo afecta al magnetismo de la mole´cula.
• Adema´s, investigamos la posibilidad de desarrollar sustratos de grafeno
superconductor para depositar imanes moleculares individuales. Deposi-
tamos grafeno sobre Pb y pudimos confirmar que el grafeno se vuelve
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superconductor por proximidad en contacto con el plomo, utilizando
para ello espectroscop´ıa de efecto tu´nel.
En conclusio´n, hemos investigado rectificacio´n y magnetismo en uniones molec-
ulares individuales utilizando un Microscopio de Efecto Tu´nel que opera a
temperatura ambiente y a bajas temperaturas. Los resultados demuestran
la observacio´n experimental de ambos procesos en una mole´cula de poliox-
ometalato. Estos hallazgos combinados con ana´lisis teo´ricos ofrcen una mejor
comprensio´n del origen de la rectificacio´n y el magnetismo de uniones molecu-
lares individuales. Tambie´n se ha investigado la superconductividad inducida
por proximidad en grafeno.
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Appendix A
AppendixA Piezo Calibration
The piezo electric tube (PZT) used in the STM needs to be calibrated before
carrying out the experiments. We calibrate the piezo tube by imaging a known
surface. We calibrate the Z with the monotonic steps of Au(111).
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Figure A.1: (a) STM image of a Au(111). The planes are separated by
mono-atomic steps taken at room temperature (b) Line profile taken alone
dotted white line on image (a)
The mono-atomic steps of the Au(111) are separated by 0.24 nm. The Figure
A.1 shows the STM image of Au(111) surface and a line profile taken along the
surface using smaller tube. Many such line profiles were taken and averaged
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to obtain mean value for piezo constant Kz. The value is Kz = 3.7 nm/V at
room temperature. The displacement (∆z) of PZT for an applied voltage, Vz
,can be estimated using the formula [200]
∆z =
d31Vzl
t
(A.1)
where l is the length, t is the wall thickness and d31is the piezoelectric co-
efficient of the piezoelectric tube. For the PZT used for making STM, l =
11.0mm, t = 0.55 mm and d31 = 1.73 × 10−10 m/V.Hence we get a Kz =
3.46nm/V which is close to the experimentally observed value. However, this
value will change at low temperature. Figure A.2 shows that STM image taken
at 350 mK. We obtain a Kz = 0.56 nm/V at 350 mK.
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Figure A.2: (a) STM image of a Au(111). The planes are separated by
mono-atomic steps taken at 350mK (b) Line profile taken alone dotted white
line on image (a)
The deflection of PZT in x, and y on applying voltage Vx,y in opposite quadrant
(see fig 1.5) can be estimated using the equation [200].
∆x, y =
2
√
2d31Vx,yl
2
piDt
(A.2)
where, D is the inner diameter of the tube. Thus the value obtained for
Kx,y = 3.64 nm/V. Graphene on Copper foil was images at low temperature
to calibrate x,y piezo constants (see figureA.3). The spacing of the hexagonal
lattice of carbon is 0.246 nm [178] . This can be used to calibrate the value of
piezo constant for x,y and we obtain Kx,y = 0.95 nm/V.
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Figure A.3: (a) STM image of Graphene on Copper foil taken at 350mK
(b) Line profile taken alone dotted white line on image (a)

Appendix B
Appendix B STM Tip
Preparation
One of the main component determining the quality of the STM/STS is the
tip. Hence, preparation of stable STM tip is a perquisite for performing STM
investigation [193, 201]. We used two types of materials for tip gold (Au) and
lead (Pb) for making tip. Au was prepared from mechanically cutting a 0.25
mm wire. Meanwhile, Pb tip was prepares from metallic pieces. The Pb pieces
were sharpened mechanically. The tips thus prepare were soldered to the STM
tip holder. This process is carried out just before closing the vacuum chamber
to reduce the contamination. However, some contamination may occur due
to the exposure of air. In order to obtain a clean tip at low temperature we
follow the mechanical annealing process [193, 194].
The sample holder of the STM contain two samples. One of the sample will
be the same material use as tip (Au or Pb). The sample stage moved to
position the tip on top of this material. Then we perform several indentation
cycles with STM tip on this sample. The Conductance - displacement (G-
z) is also recorded during this process. One such curve taken in the case of
Au tip showed in the Figure B.1. Conductance versus distance curves shows
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well defined steps at G0 = 2e
2/h for Au. This figure also shows atomic re-
engagements during this process. The conductance at the breaking step is at
G0 and indicates that only a single atom is present in the apex if tip. Since
most of the tunnelling process occur through the last atom, the apex atom
determine the quality of STM and STS. This process is repeated when ever
tip is contaminated.
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Figure B.1: Image on left shows the conductance - tip displacement when
approaching (grey) and retracting (black) the few-atom point contact regime.
Possible atomic arrangements are shown schematically at the right of the
figure.
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